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The darker side of stem cells 


Aninvestigation by Nature has found that patients in Texas are receiving unproven stem-cell 
treatments. The state and the company involved need to ensure that they follow FDA guidelines. 


huge range of disorders. But too many people are promising those 

cures to patients now, long before there is any evidence that they 
work. These claims are potentially misleading at best, and at worst 
could be downright harmful. 

This week, Nature raises important questions about one company 
that works with adult stem cells: Celltex Therapeutics in Houston, 
Texas. Nature’s investigation, reported on page 13, suggests that the 
company has supplied adult stem cells to Texas doctors who offer 
unproven treatments to patients, and that the company is involved in 
these treatments. One doctor claims that the treatments are part of a 
clinical study run by Celltex and that the company pays him US$500 a 
time to inject the cells into patients, who are charged up to $25,000 for 
a course. The US Food and Drug Administration (FDA) considers it 
to be acrime to inject unapproved adult stem cells into patients. David 
Eller, chief executive of Celltex, denies that the company is involved in 
treatment procedures, but would not comment on Nature’s findings 
about how its cells are used or answer questions about them. 

Celltex has the backing of state governor Rick Perry, who has tried 
adult-stem-cell treatments himself. And the company recently recruited 
Glenn McGee, editor-in-chief of the American Journal of Bioethics, to 
be its president of ethics and strategic initiatives. McGee, whose move 
from the academic world to industry sparked a controversy over a per- 
ceived conflict of interest (see Nature 482, 449-450; 2012), promises 
that Celltex will set up and run clinical trials, and will do so according to 
strict ethical standards. But he too would not answer Nature’s questions 
on whether the company knew about the unapproved clinical use of its 
stem cells or whether he considered such activity to be ethical and legal. 

There is an ethical paradox here. How can Celltex propose clinical 
trials for stem-cell treatments while at the same time it is, according to 
a doctor involved, paying physicians to use those treatments — or sup- 
plying cells to doctors who would no doubt use them — in the clinic? 
Shouldn't clinical trials be done before a treatment is given to paying 
patients? Conversely, if a treatment is known to be safe and effective 
enough to be prescribed routinely, and for a sizeable fee, what is the 
point of doing a costly clinical trial? 

The questions do not stop at Celltex. The governor-appointed Texas 
Medical Board is set to launch regulations in April to tighten controls 
on the use of ‘investigational agents’ — such as stem cells that do not 
have FDA approval. But the board is simultaneously offering an alter- 
native route by proposing that those who want to use adult-stem-cell 
treatments need either FDA approval or simply the approval of a local 
institutional review board. 

Texas officials should take the FDAs regulatory power over stem cells 
more seriously. In its discussions, the state’s medical board revisited 
the well-trodden ground of whether adult-stem-cell procedures — in 
which cells are taken from a patient, processed and cultured, before 
being reintroduced — should be under FDA jurisdiction, or whether 


S tem cells offer the hope that one day they will be able to cure a 


they are akin to simple skin grafts from one part of the body to another, 

which do not require validation in an FDA-approved clinical trial. 
The FDA can help to clarify these matters. A sensible first step in the 
new state regulations would be a requirement for any firm that plans to 
inject processed stem cells into patients to contact the FDA, which can 
advise on whether federal rules — the same 


“Texas officials federal rules that have already been used to 
should take the arrest stem-cell practitioners and to stop a 
FDA’sregulatory company pushing unapproved treatments 
power over elsewhere — apply to what they are doing. 
stem cells more Once past that step, Texas could move on to 


develop its own safety regulations. 

If the Texas Medical Board were to act 
according to its stated pledge to protect patients, then it would make 
clear the need for clinical validation of adult stem cells before use and 
would rescind the medical licences of any doctors in breach of rules on 
using unapproved treatments. If Celltex truly wants to help patients, 
then it should refuse to supply stem cells for medical procedures until 
those procedures are properly proven to be effective. And if the com- 
pany is serious about demonstrating clinical effectiveness itself, then 
it should start by contacting the FDA about what needs to be done. m 


seriously.” 


The great beyond 


Progress on rare genetic diseases shows the 
medical value of outliers. 


gets so dull that no one cares to carry it further. Keep them 

always uncovered and in sight. Exceptions are like the 
rough brickwork of a growing building which tells that there is more 
to come and shows where the next construction is to be” Geneticist 
William Bateson offered this advice in 1908, around the dawn of mod- 
ern genetics following the rediscovery of Gregor Mendel’s pea plant 
experiments, and it remains sound today. 

Every empiricist must contend with exceptions to the rule, which can 
illuminate research in unpredictable ways. Bateson was urging vigilance 
in observing rare offspring of plants and animals, which may point to 
new phenomena that can inform us about the broader biological con- 
text. The same is true for rare diseases, which often have a genetic basis. 

This being a leap year, the extra day, 29 February, was designated 
Rare Disease Day. It aims to give a voice to the families of millions of 
exceptional children who are born each year with a rare or undiag- 
nosed disease. Liddle syndrome and Tangier disease, for example, 
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affect a tiny number of people, especially compared with high blood 
pressure, diabetes or heart disease. The attention these rare disorders 
receive from pharmaceutical programmes, the medical community 
and academic research has historically been correspondingly small, 
despite the significant disease burden they bring to the health-care 
systems of many countries. 

Perhaps up to one-fifth of paediatric hospital admissions world- 
wide are the result of Mendelian disorders — uncommon diseases 
that follow inheritance patterns outlined by Mendel in the nineteenth 
century, usually caused by mutations in a single gene. If not deadly, 
these conditions often demand expensive life-long care. 

Beyond the economic factors are the harrowing stories of parents 
trying to find treatment or even a diagnosis for a child with an excep- 
tional problem. For rare diseases for which there are perhaps only 
one or two experts in the world, it typically takes a broad network of 
parents working together for the families to find help, or even infor- 
mation. 

The rapid rise of genome sequencing and its increasing use in pae- 
diatric clinics offers some hope. Children with known diseases can 
be diagnosed faster than before, and those with previously unknown 
syndromes might be able to get a better understanding of the reason 
for their illness. 

Rare disorders have conventionally been used to sharpen the 
tools of genetic medicine. Diseases that affect several families are 
prime targets for unpicking and understanding the effects of human 
gene mutations. With the development of better tools, researchers 
are now equipped to tackle even the rarest disorders. As the price 
of sequencing drops and analysis tools become more sophisticated, 


fewer individuals are needed to pin down the common genetic cause. 
As the News Feature on page 20 highlights, one small clinic serv- 
ing Amish and Mennonite communities in the United States is at the 
forefront of these efforts. Through sequencing and other tools, the 
paediatricians there estimate that they can 


“Genetic discover 5-15 new disorders per year. They 
disease has a think that about half should be treatable if the 
long history underlying cause is identified early. 

of teaching The clinic is in an exceptional position, 
scientists however. The communities it serves come 
about normal from small founder populations, have a 
biological good knowledge of family history and a 


high rate of intermarriage. All of this makes 
unravelling the genetics of disease easier than 
in a more diverse population. But there are two reasons to treasure 
these exceptions. First, genetic disease has a long history of teaching 
scientists about normal biological processes, and can sometimes 
give insight into the processes that go awry in other, more common 
diseases. Liddle syndrome, for example, is one of several genetic 
disorders in which high blood pressure is a major defining factor. 
Tangier disease causes low levels of ‘good’ cholesterol in the blood, and 
many of those affected have premature atherosclerosis. 

The second reason relates to a growing appreciation of the hetero- 
geneity of ‘common diseases. Projects that sequence tumour genomes 
from dozens of patients — who by standard diagnostic measures have 
the same cancer, and thus the same disease — have revealed that each 
tumour has unique and divergent genetic properties. Indeed, the real 
work may begin once we realize that every case is an exception. m 


processes.” 


Frozen out 


Canada’s government should free its scientists 
to speak to the press, as its US counterpart has. 


edia interactions with government scientists have undergone 
M a reversal across North America during the past six years. 
In the United States, President Barack Obama’s administra- 
tion has directed federal science agencies to develop integrity policies 
with clear guidelines for scientists who are approached by journalists. 

In December, agencies including the US National Science Founda- 
tion (NSF) and the US National Oceanic and Atmospheric Admin- 
istration (NOAA) issued guidelines that promote openness with the 
press. For instance, NOAA and NSF-funded scientists and staff are 
free to speak to journalists without first seeking the approval of a 
public-affairs officer. The NSF’s policy states that researchers are free 
to express their personal views as long as they make clear that they are 
not speaking on behalf of the agency. And scientists also have right of 
review over agency publications and press releases that claim to rep- 
resent their expert opinions. Such policies may not be implemented 
successfully in all cases, but they show that attitudes have evolved 
encouragingly since 2006, when charges that then-president George 
W. Bush’s administration had silenced US government researchers 
made front-page news. 

Over the same period, Canada has moved in the opposite direction. 
Since Prime Minister Stephen Harper’s Conservative Party won power 
in 2006, there has been a gradual tightening of media protocols for 
federal scientists and other government workers. Researchers who 
once would have felt comfortable responding freely and promptly to 
journalists are now required to direct inquiries to a media-relations 
office, which demands written questions in advance, and might not 
permit scientists to speak. Canadian journalists have documented sev- 
eral instances in which prominent researchers have been prevented 
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from discussing published, peer-reviewed literature. Policy direc- 
tives and e-mails obtained from the government through freedom of 
information reveal a confused and Byzantine approach to the press, 
prioritizing message control and showing little understanding of the 
importance of the free flow of scientific knowledge. 

The Harper government's poor record on openness has been raised 
by this publication before (see K. O'Hara Nature 467, 501; 2010), and 
Nature’s news reporters, who have an obvious interest in access to 
scientific information and expert opinion, have experienced directly 
the cumbersome approval process that stalls or prevents meaningful 
contact with Canada’s publicly funded scientists. Little has changed 
in the past two years: rather than address the matter, the Canadian 
government seems inclined to stick with its restrictive course and ride 
out all objections. 

That position is coming under increasing pressure as a result of the 
scientific-integrity policies taking shape across the border. The clarity 
of the US guidelines undercuts the Canadian government’ assertion 
that its own media policies are adequate and have simply been mis- 
understood. Ifthe Harper government truly embraces public access to 
publicly funded scientific expertise, then it should do what the Cana- 
dian Science Writers’ Association and several other organizations have 
called for in a letter sent to the prime minister on 16 February: “imple- 
menta policy of timely and transparent communication” like those 
used by NOAA and the NSF. 

The letter coincided with a symposium, ‘Unmuzzling Govern- 
ment Scientists: How to Re-open the Debate; which was held last 
week at the meeting of the American Association for the Advance- 
ment of Science in Vancouver, Canada. With the country taking 
centre stage as the meeting’s host, the Harper government found its 
media policies in the international spotlight. Scientists and other 
visitors from around the globe discovered, to their surprise, that 
Canada’ generally positive foreign reputation 
as a progressive, scientific nation masks some 
startlingly poor behaviour. The way forward is 
clear: it is time for the Canadian government 
to set its scientists free. m 
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on death row, the double murderer was executed by lethal 

injection at the Mississippi State Penitentiary in Parchman 
on 8 February, despite last-minute legal appeals including brain scans 
that, his defence claimed, showed that he was mentally ill and therefore 
unfit for the death penalty. Whether or not we neuroscientists like it, 
our field has become the new genetics, the latest scientific field to be 
used and sometimes hijacked to explain human behaviour. 

Hardly a week goes by without the media showcasing beautiful 
three-dimensional images of the brain in action, which supposedly 
explain how and why humans do the things we do. Most recently, peo- 
ple have pretended that they can use neuroimaging alone to identify 
paedophiles or prove that we fall in love with mobile phones. 

The limits of the technology, together with our 
incomplete picture of how the brain functions, 
make it hard to take these claims seriously. But, 
regardless of the doubts expressed by many neu- 
roscientists, the appeal of brain images, and the 
illusion they offer of understanding and explain- 
ing our daily behaviour, continues to grow. 

The spreading use of neuroscience outside 
research and medical labs raises ethical and prac- 
tical questions. Commercial services, such as 
marketing and lie detection, are already starting to 
make use of brain-imaging techniques. These ser- 
vices are over-interpreting the science. Although 
neuroimaging could help us to understand how 
people make decisions, it should not be sold as 
something that can predict or judge human behav- 
iour. A brain on its own tells us nothing. 

That a technique is still in its infancy doesn't 
stop people from trying to sell it or from buying it. And damage can 
be done even if the victims of neuromarketing hype are not the gen- 
eral public but the gullible heads of companies who are being over- 
charged. 

If this business expands, it will become the most visible face of neu- 
roimaging. We cannot afford to have public opinion turned against 
the development of neuroimaging because of overstated claims by 
commercial opportunists. 

France has tried to crack down on such rogue uses of neuroscience. 
With the help of myself and other neuroscientists, the French parlia- 
ment has revised its 2004 rules on bioethics. The result, passed last 
year, is a section of the law that simply states: “Brain-imaging meth- 
ods can be used only for medical or scientific research purposes or 
in the context of court expertise.” The revised 


} | euroscience could not save Edwin Hart Turner. After years 


law effectively bans the commercial use ofneu- NATURE.COM 
roimaging in France, although neuromarket- _ Discuss this article 
ing companies have only to cross the border to __onlineat: 

continue their business. go.nature.com/medgmm 
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INFANCY 
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TRYING TO 


SELL IT 


OR FROM BUYING IT. 


Clear up this fuzzy 
thinking on brain scans 


France has banned commercial applications of brainimaging. So why approve 
its use in court, asks Olivier Oullier. 


The ban was controversial from the start, with many experts 
arguing that neuroimaging should not be singled out. Why draw 
attention to bogus commercial uses of the technology, they said. This 
was a somewhat hypocritical stance, given that these scientists con- 
sider such applications to be unscientific by default, yet they argued 
that neuroimaging can improve understanding of brain disorders and 
of how children learn to read, for example. That attitude would leave 
us in the undesirable situation in which the reliability of an innovative 
methodology is judged on its perceived value and utility for society, 
not on the science itself. 

In view of the uncertainties in the technique, the revised law’s 
invitation to use neuroimaging in courts is also problematic — 
certainly, none of the neuroscientists consulted during the drafting 
process said that it should be encouraged. 

So far, neuroimaging has been confined 
mostly to a supporting role in court: in sentence 
mitigation, for instance. But there have been 
misguided and dangerous attempts in India, 
Italy and the United States to use brain scans as 
key and decisive evidence of guilt or innocence. 
Such efforts have not been successful, but we 
get closer every day to the situation that a court 
somewhere in the world will accept neuroimag- 
ing data as primary evidence. France should not 
be encouraging its use at this stage, at least not 
in such nonspecific terms. 

French politicians call for neuroimaging to be 
used in courts even though no expert advocates 
the move speaks volumes about the excessive 
trust they have in this emerging technology. Per- 
haps we are seeing the consequences of the hype 
that surrounded the early studies and the fantasies promoted by com- 
panies who profit from the technology. Maybe this excitement, along 
with attempts by academic neuroscientists to interest policy-makers 
in the field, helped to convince the politicians that, although the brain 
sciences alone will not provide definitive answers to societal issues, it 
would be a mistake to ignore their insight and potential. We should 
support efforts in that direction, but is there yet enough evidence to 
give the green light to neuroimaging in the courts? Certainly not. 

Brain scientists may not be oracles, but our research, responsibly 
interpreted, can help policy-makers to make informed decisions. As 
such, it should be given the opportunity to progress. Law and science 
have something in common — both can be misinterpreted. m 


Olivier Oullier is at Aix-Marseille University, a Young Global 
Leader and member of the Global Agenda Council on Brain Cognitive 
Sciences for the World Economic Forum and adviser to the Center for 
Strategic Analysis of the French Prime Minister. 

e-mail: olivier@oullier.fr 
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Selections from the 
scientific literature 


RESEARCH HIGHLIGHTS 


Rare element 
from space 


The element tellurium 
probably originated in 
exploding stars, or supernovae, 
through a process by which 
nuclei rapidly capture neutrons 
and become heavier. 

Ian Roederer of the 
Carnegie Observatories in 
Pasadena, California, and his 
colleagues used the Hubble 
Space Telescope to detect signs 
of tellurium in three ancient 
stars in the halo of the Milky 
Way. Tellurium is the heaviest 
element for which production 
by rapid neutron capture, 
called the r-process, can be 
predicted using laboratory 
data. 

The authors report that the 
observed levels of tellurium 
match earlier predictions 
made for the r-process in the 
Solar System. They conclude 
that tellurium and other 
heavy elements are produced 
predominantly by this process. 
Astrophys. J. 747, L8 (2012) 


New amphibians 
with no limbs 


A family of limbless 
amphibians has been 
discovered in the soils of 
northeastern India. 
Sathyabhama Das Biju at 
the University of Delhi and 
his colleagues unearthed 
more than 500 examples 


The extended reach of Australian drought 


The Big Dry, a prolonged drought that affected 
southeast Australia from 1997 to 2011, was 
more extensive than previously thought. 
Gavan McGrath at the University of Western 
Australia in Crawley and his colleagues 
analysed satellite data from across the 
continent and found evidence of decreased 
water storage, rainfall and plant growth 
throughout the country between 2002 and 
2010. In the southeast, the drought correlated 
with an irregular Indian Ocean circulation, 


encompassing seven new 
species of the caecilian order 
of amphibians. An analysis 
of the animals’ genomes and 
cranial anatomy showed that 
these Chikilidae (pictured 
with a clutch of eggs) — which 
measure up to 25 centimetres 
in length — probably first 
appeared during the early 
Cretaceous period, about 

140 million years ago. 

The animals’ closest 
known relatives are in 
Africa. The authors 
suggest that, historically, 
caecilians are likely to have 
been geographically 

restricted, with low 

rates of speciation. 
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They also warn that these 
and other creatures in this 
region of India are threatened 
by deforestation and rapid 
population growth. 

Proc. R. Soc. B http://dx.doi. 
org/10.1098/rspb.2012.0150 
(2012) 


Invasive mosquito 
adapts fast 


Since arriving in the United 
States from Japan in 1985, the 
invasive Asian tiger mosquito 
has spread across the country’s 
eastern reaches, providing 

a natural demonstration of 
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whereas in the northwest it was associated with 
a decreased frequency of tropical cyclones. 
The authors say that the northwest drought 
coincided with and probably exacerbated the 
one in the southeast. 

The findings suggest that distinct climatic 
factors such as decadal cyclone trends and 
changes in ocean circulation can combine to 
create a continental-scale drought. 

Geophys. Res. Lett. http://dx.doi. 
org/10.1029/2011GL050263 (2012) 


adaptive evolution. Peter 
Armbruster at Georgetown 
University in Washington 

DC and his colleagues report 
that over roughly 20 years, the 
insect (Aedes albopictus) has 
adapted to differences in the 
timing of winter onset across 
roughly 15° of latitude. 

The authors measured the 
day length required to induce 
winter-time dormancy in 
mosquitoes across various 
latitudes in the US and Japan 
between 2005 and 2008, and 
compared the measurements 
with those taken about 20 years 
earlier. They found a response 
to seasonal change that is 
among the fastest documented 
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adaptation in nature. 

Other traits, such as body 
size, did not show a pattern of 
adaptation in either country. 
The findings support the idea 
that, in a changing climate, 
animals evolve mainly by 
adapting to changes in 
seasonal shifts. 

Am. Nat. http://dx.doi. 
org/10.1086/664709 (2012) 


New species 
spring forth 


Microorganisms 
in a Siberian hot 
spring have been 
caught in the 

act of diverging 
to form two 
species. 

Rachel 
Whitaker at 
the University of 
Illinois in Urbana- 
Champaign and her team 
sequenced the genomes of 12 
strains of Sulfolobus islandicus 
— an archaeon living in hot 
springs around a volcano on 
Russia's Kamchatka Peninsula. 
The sequences show that the 
microbes belong to two groups 
— dubbed red and blue — and 
that genes are exchanged more 
readily within than between 
the groups. This means that 
each group of microbes meets 
the classic definition ofa 
biological species. 

The authors think that 
physiological differences 
between the two populations 
could be preventing gene flow. 
For instance, strains of the red 
group replicate faster and to 
higher densities than do those 
of the blue group. 

PLoS Biol. 10,e1001265 (2012) 


GEOLOGY 


Stretch marks 
on the Moon 


The Moon has been stretched 
within the past 50 million 
years — a surprising and 
relatively recent sign of 
extensional tectonics for a 
body that has been around for 
4.5 billion years. 

Using a camera on NASA 


Lunar Reconnaissance 
Orbiter, Thomas Watters of 
the Smithsonian Institution 
in Washington DC and his 
colleagues spotted graben — 
long, narrow blocks of rock 
that drop down and form 
trenches as the Moon's crust is 
stretched. Some of the graben 
are as shallow as one metre, 
suggesting that, in geological 
terms, they are fresh. 

The authors suggest that 
their findings are inconsistent 
with models that predict 
that the primordial Moon 
was completely molten 
and would have 
contracted so 
much that local 
extensional 
| pressures 
would have 
' been quashed. 
Instead, 
the graben 
may reflect an 
environment of 

weaker contractions that 
resulted from the early Moon 
having only a molten exterior. 
Nature Geosci. http://dx.doi. 
org/10.1038/ngeo1387 (2012) 


Cognitive boost to 
brain connections 


By sensitizing the process 

by which neurons normally 
alter the strength of their 
connections, a molecule 
derived from a neuronal 
protein improves learning and 
memory in rats. 

José Esteban at the 
Autonomous University of 
Madrid and his colleagues 
studied the effects of the 
molecule, FGL, on rats and on 
slices of the rat hippocampus, 
a brain region involved 
in learning and memory. 

They showed that FGL 

caused persistent activation 

of signalling molecules in 
hippocampal neurons. This set 
in motion a chain of molecular 
events that increased the 
efficiency with which a type 

of receptor called AMPA 

was inserted into neuronal 
connections, or synapses. The 
incorporation of additional 
AMPA receptors into synapses 
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The most viewed 
papers in science 


CHOICE 


Noncoding RNAs decapped 


Long RNA molecules have recently been 


vel ea discovered that seem to regulate genes 
99 Jan-21 Feb rather than code for proteins, but little is 


known about how they do this. Loss of a 
protective cap from these long noncoding RNAs (IncRNAs) 
seems to be a crucial step in regulating a specific type of 
gene in yeast. 

Like protein-encoding messenger RNAs, IncRNAs have 
acap that protects the molecule from decomposing. By 
preventing loss of the cap in budding yeast, Jeff Coller and his 
colleagues at Case Western Reserve University in Cleveland, 
Ohio, found that many IncRNAs function at genomic 
regions near highly regulated genes that respond to specific 
environmental cues such as sugars and iron. One family of 
these ‘inducible’ genes — the GAL system, which enables 
cells to metabolize a sugar called galactose — is regulated by 
IncRNAs that must lose their caps for the cell to activate the 
sugar-processing genes. 

Mol. Cell 45, 279-291 (2012) 


is known to improve synaptic 
plasticity. 

The authors hope that FGL 
could provide a starting point 
for the development of drugs 
that boost cognition. 

PLoS Biol. 10, e1001262 (2012) 


PALAEOECOLOGY 


Ancient forest 
preserved in ash 


Volcanic ash buried a swampy 
forest roughly 298 million 
years ago, preserving a 
wealth of detail about the 
region’s flora. Scientists have 
uncovered the fossilized plants 
in what is now northern China. 
Jun Wang at the Chinese 
Academy of Sciences 
in Nanjing, Hermann 
Pfefferkorn at the University 
of Pennsylvania in 
Philadelphia and their team 
reconstructed the ancient 


looked like feather dusters and 
reached heights of 25 metres 
or more. The team also found 
fossils of vines and three 
species of Noeggerathiales 

— small spore-bearing trees 
thought to be close relatives of 
the earliest ferns. 

Proc. Natl Acad. Sci USA 
http://dx.doi.org/10.1073/ 


ecosystem by analysing the pnas.1115076109 (2012) 
positions of individual plants For alonger story on this 
across three sites (an artist’s research, see go.nature.com/ 
impression pictured) that eklwre 

cover a combined area of more 

than 1,000 square metres. > NATURE.COM 

Besides sporting a broad, low For the latest research published by 
canopy of tree ferns, the peat Nature visit: 


forest contained trees that www.nature.com/latestresearch 
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POLICY 


Oceans partnership 
A coalition headed by 

the World Bank hopes 

to raise US$1.5 billion 

to help to improve the 
world’s oceans. Unveiling 

the Global Partnership 

for Oceans in Singapore 

on 24 February, the bank's 
president, Robert Zoellick, 
said that governments, non- 
governmental organizations, 
private companies and United 
Nations bodies had joined to 
coordinate their approaches 
to ocean conservation. Many 
of the partnership’s targets — 
such as rebuilding depleted 
fish stocks and increasing the 
number of marine protected 
areas — mirror existing UN 
goals. See go.nature.com/ 
he6ldt for more. 


Alzheimer’s plan 
The US Department of Health 
and Human Services has 
launched a draft action plan to 
find ways to treat and prevent 
Alzheimer’s disease by 2025. 
The plan is part of a concerted 
effort focusing on Alzheimer’s 
research and care; last month, 
President Barack Obama's 
administration told the US 
National Institutes of Health 
to reallocate US$50 million 
for the disease from its 

2012 budget (boosting its 
Alzheimer’s research funding 
to $498 million), and requested 
an extra $80 million for 
Alzheimer’s research in 2013. 


Greek protests 
Demonstrations continued last 
week against reforms that aim 
to introduce more meritocracy 
and accountability into 
Greece's higher-education 
system. On 22 February, 
protesters disrupted elections 
for governing boards at 

the University of Crete in 
Heraklion and at the Athens 
University of Economics 

and Business. Elections have 


Fire destroys Brazil's Antarctic outpost 


Brazil's scientific community is reeling from 

a fire that blazed through the country’s 
Comandante Ferraz research station (pictured) 
in the South Shetland Islands off the Antarctic 
Peninsula, killing two navy personnel and 
injuring another. The cause was unknown as 


been stopped at four other 
universities in past weeks, and 
more are scheduled for March. 
See page 15 for more. 


Publish or perish 


Cost-saving cuts at the 
University of Sydney, 
Australia, have triggered a 
furious backlash, after the 
university sent letters to 
around 100 academics last 
week, sacking them for not 
publishing frequently enough. 
Researchers were told that 
they had been fired because 
they had not published at 
least four “research outputs” 
over the past three years, says 
Michael Thomson, president 
of the Sydney branch of the 
Australian National Tertiary 
Education Union. The union 
was disputing the sackings 
as Nature went to press. 

See go.nature.com/rohpvo 
for more. 


10 | NATURE | VOL 483 | 1 MARCH 2012 


Tar-sands deadlock 


European diplomats have 
failed to agree on a measure 
that would effectively block 
imports of oil from tar sands in 
Canada. A vote on 23 February 
over whether to classify tar- 
sands oil as highly polluting 

in terms of greenhouse-gas 
emissions ended in stalemate; 
environment ministers are 
now expected to make a 
decision in June. Europe’s 

fuel directive requires fuel 
suppliers to cut emissions, so 

a high emissions rating would 
in practice shut down the 
European market for tar-sands 
oil. See go.nature.com/sejma4 
for more. 


p FUNDING 
Austrian largesse 


Austria’s most ambitious 
research institute yet, the 
three-year-old Institute of 
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Nature went to press, but the Brazilian navy said 
that the fire began on 25 February and destroyed 
about 70% of the facility. Brazil's president, 
Dilma Rousseff, has vowed to rebuild the base 
and continue its environmental and biological 
research. See go.nature.com/iemahf for more. 


Science and Technology 

near Vienna, has secured 

its long-term future with a 
funding deal worth up to 
€990 million (US$1.3 billion). 
On 22 February, the institute 
announced that its federal 
and provincial government 
co-funders would grant 

€65.8 million annually 
between 2017 and 2026, with 
another €33.2 million available 
for reaching agreed research- 
quality criteria, and for 
matching external grants won 
by its scientists. The Austrian 
Academy of Sciences called 
the funding “an unjustified 
privilege”. See go.nature.com/ 
qiciw5 for more. 


Africa eco-network 
In an effort to improve 
agricultural systems in Africa, 
researchers in the United 
States and South Africa 

have launched an initiative 


ARMADA DE CHILE 
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SOURCE: ANN. INT. MED. 


to gather and integrate data 
about ecosystems, farming 
practices and human well- 
being across the continent. 
Backed by a US$10-million 
grant from the Bill & Melinda 
Gates Foundation, the three- 
year project is expected to set 
the stage for a larger global 
monitoring system, organizers 
announced on 23 February at 
a meeting of the International 
Fund for Agricultural 
Development in Rome. See 
go.nature.com/bhbhm3 

for more. 


| ERESEARCH 
Too quick, too soon 


Two possible sources of error 
have been identified in the 
OPERA experiment, which 
last September announced 
that it had timed neutrinos 
travelling faster than the speed 
of light. On 22 February, the 
multinational collaboration 
announced that the errors 
related to the Global 
Positioning System signal used 
to synchronize the atomic 
clocks used in the experiment. 
See page 17 for more. 


PEOPLE 


Heartland fallout 
The Pacific Institute in 
Oakland, California, is 
investigating its president, 
Peter Gleick (pictured), 
after he admitted that he 
had dishonestly acquired, 


and leaked to the media, 
internal budget documents 
from the Heartland Institute, 
a libertarian think tank in 


Chicago, Illinois, that aims to 
combat climate science. On 
24 February, Gleick asked for 
a temporary leave of absence 
from the Pacific Institute, 
which he co-founded and 
has led for 25 years. On the 
same day, US Congressman 
Edward Markey (Democrat, 
Massachusetts) asked the 
Heartland Institute to confirm 
which of the documents were 
authentic. 


Plagiarism politics 
C.N.R. Rao, the science 
adviser to India’s prime 
minister, has found himself 
embroiled in a plagiarism row, 
after he failed to notice some 
copied text in a paper that he 
had co-authored (B. Chitara 
et al. Adv. Mater. 23, 5419- 
5424; 2011). Three sentences 
in the introduction anda 
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Two-thirds of the 3.2 million 
people in the United States 


living with the hepatitis C virus 
(HCV) were born between 1945 


and 1964. These middle-aged 
‘baby-boomers are now 
reaching the age when 
HCV-related diseases and 


deaths start to show up. A study 


documenting how HCV has 
overtaken HIV asa cause of 


death (see chart; from K. N. Ly 


et al. Ann. Intern. Med. 156, 


271-278; 2012) says that better 


awareness and treatments are 
needed. 


description of an equation had 
been copied verbatim from 

a referenced source. A PhD 
student, Basant Chitara, says 
he was responsible for the 
error. Rao says that the Indian 
media took a subsequent 
apology from all the authors 
to mean that the entire paper 
had been plagiarized. See 
go.nature.com/wbckgc 

for more. 


| __BUSINESS 
Obesity pill 


An advisory panel to 

the US Food and Drug 
Administration (FDA) has 
recommended approving 

a diet pill that was rejected 
two years ago because of 
concerns over its side effects. 
Qnexa (phentermine plus 
topiramate) is made by Vivus 
of Mountain View, California, 
which saw its share price soar 
78% when the drug received 
the thumbs-up on 23 February. 
The FDA is expected to decide 
on Qnexa by 17 April. If 
approved, it would be the first 
new US obesity drug in more 
than a decade. 


Cancer lawsuits 
Cancer geneticist Craig 
Thompson, head of the 
Memorial Sloan-Kettering 
Cancer Center in New 
York, is being sued by his 
former employers. The 
University of Pennsylvania 
in Philadelphia says that 


| RISING DEATHS FROM HEPATITIS C 


By 2007, hepatitis C infection had surpassed HIV as a cause of 
death in the United States, a new analysis reveals. 
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SEVEN DAYS | THIS WEEK 


5 MARCH 


In New Orleans, 
Louisiana, a trial begins 
over who should pay 

for damages caused by 
the 2010 oil spill in the 
Gulf of Mexico. BP may 
settle some of its costs in 
advance. 


7-8 MARCH 

The European 

Space Agency hosts 

a symposium in 
Frascati, Italy, on 
international security — 
including threats from 
computer viruses and 
cyberwarfare. 
go.nature.com/raj6a5 


Thompson did not disclose 
research to the university 

that he later used to forma 
commercial biotechnology 
firm, Agios Pharmaceuticals 
in Cambridge, Massachusetts. 
The lawsuit, announced on 
22 February, is the second 
against Thompson and 

Agios: last December, the 
Abramson Family Cancer 
Research Institute at the 
University of Pennsylvania — 
which Thompson previously 
headed — also sued him 

for not notifying university 
officials of his work. Both suits 
seek damages for the loss of 
intellectual property. 


GM energy crops 
Ceres, a US biotechnology 
firm that selectively breeds 
and genetically modifies seeds 
to grow high-yielding biofuel 
crops, raised US$65 million 
in its initial public offering on 
22 February. The firm, based 
in Thousand Oaks, California, 
sells sorghum seeds — used 

to make ethanol — in Brazil 
and sorghum and switchgrass 
seeds in the United States. It is 
5% owned by the transgenic- 
seed giant Monsanto, of 

St Louis, Missouri. 
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Celltex hosts the largest stem-cell bank in the United States. 


REGENERATIVE MEDICINE 


Stem-cell therapy 
takes off in Texas 


A boom in unproven procedures is worrying scientists. 


BY DAVID CYRANOSKI 


ith Texas pouring millions of 
dollars into developing adult 
stem-cell treatments, doctors there 


are already injecting paying customers with 
unproven preparations, supplied by an ambi- 
tious new company. 

The US Food and Drug Administration 
(FDA) has not approved any such stem-cell 
treatment for routine clinical use, although 


it does sanction them for patients enrolled in 
registered clinical trials. Some advocates of 
the treatments argue, however, that prepara- 
tions based on a patient’s own cells should not 
be classed as drugs, and should not therefore 
fall under the FDA’ jurisdiction. 

There are certainly plenty of people eager 
to have the treatments. Texas governor Rick 
Perry, for instance, has had stem-cell injec- 
tions to treat a back complaint’, and has 
supported legislation to help create banks to 
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store patients’ harvested stem cells. 

One company that has benefited from 
this buoyant climate is Celltex Therapeu- 
tics, which “multiplies and banks” stem 
cells derived from people’s abdominal fat, 
according to chairman and chief executive 
David Eller. Its facility in Sugar Land, just 
outside Houston, opened in December 2011 
and houses the largest stem-cell bank in the 
United States. 

Celltex was founded by Eller and Stanley 
Jones, the orthopaedic surgeon who per- 
formed Perry’s procedure, and it uses technol- 
ogy licensed from RNL Bio in Seoul. Because 
clinical use of adult-stem-cell treatments are 
illegal in South Korea, RNL has since 2006 
sent more than 10,000 patients to clinics in 
Japan and China to receive injections. 

Celltex says that although it processes and 
banks cells, it does not carry out stem-cell 
injections. It declined to answer Nature’s 
questions about whether its cells have been 
used in patients. But there is evidence that the 
company is involved in the clinical use of the 
cells on US soil, which the FDA has viewed as 
illegal in other cases. 


PUBLIC HYPE 

In addition to the publicity surrounding 
Perry’s treatment, a woman named Debbie 
Bertrand has been blogging about her experi- 
ences during a five-injection treatment with 
cells prepared at Celltex. Her blog (http://deb- 
biebertrand.blogspot.com) hosts photographs 
of herself alongside Jones; Jennifer Novak, a 
Celltex nurse; Jeong Chan Ra, chief executive 
of RNL Bio; and her doctor, Jamshid Lotfi, a 
neurologist who works for the United Neurol- 
ogy clinic in Houston. Another photo is cap- 
tioned: “My cells are being processed in here 
for my next infusion!!!” A third shows Ber- 
trand, Lotfi and a physician called Matthew 
Daneshmand, who is, according to the caption, 
injecting Bertrand’s stem cells into an intrave- 
nous drip, ready for the infusion. Nature has 
been unable to contact Bertrand. 

Lotfi says that he has administered cells 
processed by Celltex to more than 20 people. 
“Five or six” — including Bertrand — have 
multiple sclerosis and “four or five” have 
Parkinson’s disease, he says. Lotfi explains 
that patients sign up for treatment by con- 
tacting Novak, and that cells are prepared by 
removing about five grams of fat — contain- 
ing roughly 100,000 mesenchymal stem 
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> cells — from the patient’s abdomen. Over 
a three-week period, the cells are cultured 
until they reach about 800 million cells. Lotfi 
says that patients get at least three injections 
of 200 million cells each, and that the cells do 
not take effect for a few months. According to 
Lotfi, Celltex charges US$7,000 per 200 mil- 
lion cells, and pays Lotfi $500 per injection. 

Lotfi says that most of his patients claim to 
get better after the treatment, but he admits 
that there is no scientific evidence that the 
cells are effective. “The scientific mind is 
not convinced by anecdotal evidence,” he 
acknowledges. “You need a controlled, dou- 
ble-blind study. But for many treatments, 
that’s not possible. It would take years, and 
some patients don’t have years.” 

“The worst-case scenario is that it won't 
work,’ he adds. “But it could be a panacea, 
from cosmetics to cancer.” He says that Cell- 
tex is conducting a trial in which patients 
“will be their own control”. “If you can com- 
pare before and after and show improvement, 
there’s no need for a placebo,” he explains. 
“How can you charge people, and then give 
them a placebo?” 


STANDARD PRACTICE 

The answer, according to most biomedical 
researchers, is to follow the normal strategy 
for an unproven medicine: conduct a placebo- 
controlled clinical trial in which patients are 
not charged. “This is crucial for clinical trials 
to yield meaningful data and to avoid the 
placebo effect? says Joshua Hare, director 
of the Interdisciplinary Stem Cell Institute 
at the University of Miami in Florida, who 
worked with the biotechnology company 
Osiris Therapeutics in Columbia, Maryland, 
to conducta trial of adult mesenchymal stem 
cells in patients who have had a heart attack’. 

The FDA does exempt some “compassion- 
ate use” procedures from these requirements, 
but only for very small numbers of patients 
with life-threatening disorders that demand 
immediate intervention. 

Eller says that Celltex has “initiated a pro- 
gramme of clinical research” that has been 
approved by an independent review board in 
Texas and is designed to meet the standards 
set by the International Society for Stem Cell 
Research (ISSCR) in Deerfield, Illinois. “Our 
clinical trials are led by physician investiga- 
tors who have completed training in both the 
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use of autologous mesenchymal stem cells 
and in research ethics,” he explains. But he 
would not say whether the trials had started 
or been approved by the FDA, nor who would 
run them, what disorders would be targeted 
or whether patients would be charged. Mean- 
while, RNL has published a phase I trial 
showing that its treatment for spinal-cord 
injury is safe’, and plans a phase II trial in 
South Korea to establish efficacy. It has also 
applied to the FDA to conduct a clinical trial 
in the United States. 

Stem-cell scientists contacted by Nature 
are concerned by Celltex’s activity. “Because 
we know so little about mesenchymal stem 
cells and whether they are indeed effective for 
treating any condi- 
tion, I'd be very wary 


i CEE 

ler ieee . of how they are being 
pears wit infused into patients, 
convinced and certainly con- 
by anecdotal cerned if practition- 


e »” 
evidence. ers are charging 


patients for medical 
procedures that haven't been proven to work 
and could in fact be harmful,” says George 
Daley, director of the Stem Cell Transplan- 
tation Program at Harvard Medical School 
in Boston, Massachusetts, who helped the 
ISSCR to draft its guidelines. In the opinion 
of Arnold Kriegstein, director of the Eli and 
Edythe Broad Center of Regeneration Medi- 
cine and Stem Cell Research at the University 
of California, San Francisco, “the very nature 
of Celltex’s business plan, which involves 
charging patients considerable fees for so- 
called treatments for diseases and disorders 
for which there is no good clinical evidence 
of efficacy, crosses an ethical line”. 

Celltex recently brought in Glenn McGee, 
the editor-in-chief of the American Journal of 
Bioethics, to be its first president for ethics and 
strategic initiatives’. “I am working to builda 
programme of Celltex-run clinical trials that 
exceed the ethical standards promulgated 
by the best document to date on the matter, 
that from the ISSCR,” says McGee. However, 
like Eller, McGee declined to answer Nature’s 
questions about the company’s knowledge of 
or involvement in the clinical use of its stem 
cells, nor would he talk about the legality and 
ethical nature of such practices. 

The legal standing of stem-cell treat- 
ments is currently being debated in a court 


case brought by Regenerative Sciences of 
Broomfield, Colorado, which was ordered by 
the FDA in 2010 to stop administering mes- 
enchymal stem cells to patients’. One of the 
key issues being debated is whether the cells 
are “minimally manipulated” before being 
reinjected into the patient. Treatment with 
the patient’s own, unprocessed tissue does 
not always require FDA approval. 


DEGREE OF MANIPULATION 

In a previous version of his LinkedIn profile, 
McGee asserted that Celltex “minimally mod- 
ified” its cells. But Rita Chappelle, a spokes- 
woman for the FDA’s Center for Biologics 
Evaluation and Research in Silver Spring, 
Maryland, contends that any “expanded” cells 
cannot be considered minimally manipulated. 
Another source, who used to work for the 
FDAs cellular therapy division and requested 
anonymity because they now work in the pri- 
vate sector, says that any cells kept outside the 
body overnight before injection are consid- 
ered more than minimally manipulated. 

The Texas Medical Board, which regulates 
physicians in the state, has now stepped into 
the fray. On 10 February, it approved draft 
rules that will require physicians to gain 
approval from an independent review com- 
mittee before treating patients with adult stem 
cells. This stipulation, expected to become law 
in April, is meant to ensure patient safety and 
give physicians “a reasonable and responsible 
degree of latitude in the kinds of therapies they 
offer their patients’, the draft rule says. 

But Douglas Sipp, an expert in stem-cell 
regulations and ethics at the RIKEN Center 
for Developmental Biology in Kobe, Japan, 
believes that the Texas Medical Board is 
merely delegating the regulation of adult- 
stem-cell treatments to local review boards, 
which have little accountability, when the 
responsibility should lie with the FDA. 

It is also unclear how Celltex will be 
affected by the rules. Lotfi, for one, does 
not think that they will hamper his treat- 
ments greatly. “It will be just a little more red 
tape, he says. m SEE EDITORIAL P.5 
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Student protesters in Thessaloniki object to changes in university governance. 


HIGHER EDUCATION 


Protests delay Greek 
university reform 


Small groups of agitators stop elections for governing boards. 


BY ALISON ABBOTT 


s European leaders put the finishing 
Av to a €130-billion (US$170- 

billion) rescue package for Greece's 
enfeebled economy, angry demonstrators 
are blocking university reforms that many 
researchers believe are crucial to the coun- 
try’s recovery. The protesters, mostly students 
but also some academics, are targeting a law 
passed by the Greek parliament last August 
that seeks to introduce more meritocracy, 
dynamism and accountability to Greece's rigid 


higher-education system. Opponents dislike 
the law mainly because it takes away students’ 
rights to vote on many faculty decisions, and 
mandates 15-person governing boards that 
will have to include six members external to 
the university (see Nature 481, 123-124; 2012). 
On 22 February, demonstrators at the Univer- 
sity of Crete in Heraklion and at the Athens Uni- 
versity of Economics and Business disrupted 
elections for the governing boards by blocking 
the entrances to the buildings in which voting 
was to take place. Protesters have stopped elec- 
tions at four other universities in past weeks. 


IN FOCUS | NEWS | 


The actions have caused widespread conster- 
nation. “It’s frustrating,” says pharmacologist 
Achilleas Gravanis of the University of Crete, 
amember of the government's scientific advi- 
sory committee. “If we can’t implement a law 
that had been approved by an overwhelming 
parliamentary majority, how are we going to 
convince those in Europe who are bailing us 
out that we are capable of reform?” 

Greek higher-education minister Anna 
Diamantopoulou says that the protesters are 
“holding hostage the vast majority of faculty 
and students” She plans to ask parliament for 
rapid approval of an electronic voting system 
to bypass the confrontations before elections 
at other universities — eight of which are 
planned for March. Nine universities have not 
started planning elections because their rectors 
disapprove of the law. 

Like other opponents, Yannis Krestenitis, an 
oceanographer at the Aristotle University of 
Thessaloniki, hopes that the law will be declared 
unconstitutional by the Supreme Court, which 
is deliberating charges that it violates academic 
independence. “It is clearly undemocratic,’ he 
says. Krestenitis helped to lead demonstrations 
that blocked two attempts to hold elections at 
the university, on 15 and 17 February. 

Many others, however, regard the protests 
themselves as undemocratic. “What we have 
been seeing in Thessaloniki runs counter to any 
rules of a democratic state or decently function- 
ing university,’ says physicist Orestis Kalogirou, 
acandidate for the Aristotle University board. 
According to Georgios Theodoridis, an ana- 
lytical chemist at the institution, students 
broke into the polling station and were later 
joined by more than 150 protesters — includ- 
ing 20 or so faculty members — who formed 
a human chain to block the main university 
entrance while chanting slogans. “It feels a bit 
like George Orwell’s Animal Farm, where the 
dogs are constantly barking so others cannot 
speak to each other,” says Theodoridis. m 


INFRASTRUCTURE 


Structural biologists share their toys 


European network pools resources to unpick the secrets of the cell. 


BY EWEN CALLAWAY 


o study the components ofa cell, from 

| proteins to organelles, scientists need a 

barrage of high-end equipment that no 

one laboratory can afford. Researchers typically 

access the tools they don't have at collaborating 

labs or national centres. But with the launch of 

the Instruct network on 23 February, structural 

biologists across Europe have teamed up to 
make this sharing more systematic. 

Instruct links up 22 structural-biology 


centres, allowing researchers to access a range 
of equipment and expertise in a single request, 
says Instruct’s head David Stuart, a structural 
biologist at the University of Oxford, UK. 

It also presents an opportunity for struc- 
tural biologists to solicit funding with a uni- 
fied voice — just in time for Horizon 2020, the 
European Commission’s next research-funding 
programme, which is gearing up to disburse 
an anticipated €80 billion (US$108 billion) in 
grants between 2014 and 2020. 

Instruct emerged from Europe-wide 
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projects that determined the crystal structures 
of hundreds of proteins and protein complexes. 
Stuart says that the project will now try to fill 
in details of the cell at every scale in a way that 
he likens to zooming towards a location using 
Google Earth. “The idea is to have a ‘Google 
Cell’ approach, so you can drill from the cel- 
lular context to the atomic detail; he says. 
For instance, a scientist studying herpes 
infection might start by looking at fluorescent 
viruses under a light microscope. Switch- 
ing to electron microscopy would reveal > 
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SHARE THE WEALTH 


A network of structural- 
biology centres will offer,” 
researchers greater 

access to a wide range 
of techniques. 
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> the subcellular compartments that the 
virus exploits. A crystal structure of a key 
molecular interaction might help to iden- 
tify infection-blocking drugs. 

“Only doing crystallography is not 
enough. Only doing electron microscopy 
is not enough. You often need all these tech- 
nologies, and it’s very hard to have them all 
in one house,’ says Albert Heck, scientific 
director of the Bijvoet Center for Biomo- 
lecular Research at Utrecht University in 
the Netherlands, which will offer mass 
spectrometry through Instruct. 

Each of Instruct’s facilities will cede up to 
20% of their capacity to the programme (see 
‘Share the wealtl). Instruct will seek inde- 
pendent peer review of requests for equip- 
ment use and will approve access to various 
facilities, in some cases bypassing the alloca- 
tion committees at individual centres. 

The programme is initially using a 
subscription model, with eight nations, 
including Britain, France and Germany, 
agreeing to pay €50,000 per year to give 
their scientists access. Currently, the Euro- 
pean Commission provides funding only 
for researchers to travel to these facilities. 
But Heck hopes that if Instruct is successful, 
Horizon 2020 will support both access and 
infrastructure for structural-biology cen- 
tres, including equipment and staff, remov- 
ing the need for subscriptions. 

Aled Edwards, a structural biologist at 
the University of Toronto, Canada, is well 
used to juggling international resources as 
head of the Structural Genomics Consor- 
tium, which has solved more than 1,000 
protein structures. He thinks Instruct 
makes sense. “It gives people access to tech- 
nologies they don't have locally, it trains 
people, he says. “It’s clearly setting itself 
up for Horizon 2020 funding. But they 
deserve it, if they can pull it off” m 
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REPRODUCTIVE BIOLOGY 


Egg-making stem cells 
found in adult ovaries 


Discovery could pave the way for new fertility treatments 


and a longer reproductive life. 
BY KENDALL POWELL 


everyone from high-school biology teachers 

to top fertility specialists has been operat- 
ing under the assumption that women are born 
with all the eggs they will ever produce, with no 
way to replenish that supply. But the discovery 
of human egg-producing stem cells, harvested 
from the ovaries of six women aged 22 to 33, 
puts that dogma in doubt. 

The work, published online in Nature Medi- 
cine’ by Jonathan Tilly and colleagues at Mas- 
sachusetts General Hospital in Boston, parallels 
the findings of a Shanghai-based group’ that 
isolated similar stem cells from mice in 2009. 
However, both this and Tilly’s earlier work 
in mice* remained controversial, with many 
experts sceptical that such stem cells existed. 

“This is unequivocal proof that not only was 
the mouse biology correct, but what we pro- 
posed eight years ago was also correct — that 
there was a human population of stem cells in 
young adult tissue,” says Tilly. 

To address the doubts, Tilly’s team began by 
developing a more sensitive method for identi- 
fying and collecting mouse ovarian stem cells. 
Their method, based on a technique called 
fluorescence-activated cell sorting (FACS), 
attaches a fluorescently labelled antibody to a 
protein, Ddx4, that is present on the outer sur- 
face of the stem cells but not on the surface of 
the later-stage egg cells or oocytes. The FACS 
instrument lines up cells in single file and 
sorts them one by one, separating the labelled 
ones from the rest; it also gets rid of dead or 
damaged cells, such as oocytes, in which 
internal Ddx4 might become accessible to the 
antibody. This method is more selective than 
previous isolation methods, which did not get 
rid of such cells. 

Once the team con- 
firmed that it had iso- 
lated mouse ovarian stem 
cells by this method, it set 
its sights on reproduc- 
tive-age human ovaries. 


I t's time to rewrite the textbooks. For 60 years, 


Yasushi Takai, a former DNATURE.COM 
research fellow in Tilly's  Foravideo 

lab and nowareproduc- explaining this 

tive biologist at Saitama __ research, see: 
Medical University in  go.nature.com/SubSma 
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Japan, supplied frozen whole ovaries removed 
from sex-re assignment patients, all young 
women of reproductive age. “It was 9 Novem- 
ber when we did the first human FACS sort and 
I knew immediately that it had worked,’ says 
Tilly. “I cannot even put into words the excite- 
ment — and, to some degree, the relief — I felt” 

The cells they pulled out, called oogonial stem 
cells (OSCs), spontaneously generated appar- 
ently normal immature oocytes when cultured 
in the lab. To look at the development of the 
putative human OSCs in a more natural envi- 
ronment, the team labelled the cells with green 
fluorescent protein to make them traceable, and 
injected them into fragments of adult human 
ovarian tissue, which were then transplanted 
under the skin of mice. After one to two weeks 
of growth, the OSCs had formed green-glowing 
cells that looked like 
oocytes and that also 


“I’ve seen these 

cells and how they expressed two of the 

behave. They’re genetic hallmarks of 
Pa d this cell type. 

ealideies es . “There's no confir- 

i Ailes mation that we have 


baby-making eggs 
yet, but every other indication is that these 
cells are the real deal — bona fide oocyte pre- 
cursor cells,” says Tilly. The next step, to test 
whether the human OSC-derived oocytes 
can be fertilized and form an early embryo, 
will require special considerations — namely, 
private funding to support the work in the 
United States (federal funding cannot by law 
be used for any research that will result in the 
destruction of a human embryo, whatever the 
source of the embryo) or a licence from the UK 
Human Fertilisation and Embryology Author- 
ity to do the work with collaborators in the 
United Kingdom. 

Evelyn Telfer, a reproductive biologist at 
the University of Edinburgh, UK, was once 
sceptical of the mouse work, but has become 
a believer. “I’ve visited [Tilly’s] lab, seen these 
cells and how they behave. They're convincing 
and impressive,’ she says. Telfer, who studies 
the maturation of human eggs in vitro, will 
work with Tilly to try to grow the OSC-derived 
eggs to the point at which they are ready for 
fertilization. 

She notes that there’s still no evidence that 
the OSCs form new eggs naturally in the body. 


However, if they could be coaxed in a dish to 
make eggs that could successfully be used for 
in vitro fertilization (IVF), it would change the 
face of assisted reproduction. 

“That's a huge ‘if;” admits Tilly. But, he con- 
tinues, it could mean an unlimited supply of 
eggs for women who have ovarian tissue that 
still hosts OSCs. This group could include can- 
cer patients who have undergone sterilizing 


chemotherapy, women who have gone through 
premature menopause, or even those experi- 
encing normal ageing. Tilly says that follow-up 
studies have confirmed that OSCs exist in the 
ovaries of women well into their 40s. 

In addition, growing eggs from OSCs in the 
lab would allow scientists to screen for hor- 
mones or drugs that might reinvigorate these 
cells to keep producing eggs in the body and 
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slow down womens biological clocks. “Even if 
you could gain an additional five years of ovar- 
ian function, that would cover most women 
affected by IVF,” notes Tilly. = 
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TIMING TROUBLE 


Two possible sources of error may have affected the results of the 
OPERA experiment, which measures the arrival time of neutrinos 


speeding through Earth from CERN to Gran Sasso. 
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Timing glitches 
dog neutrino claim 


Team admits to possible errors in faster-than-light finding. 


BY EUGENIE SAMUEL REICH 


stration of how science should work? To 

some physicists, the OPERA (Oscillation 
Project with Emulsion-tracking Apparatus) 
collaboration deserves credit for disclosing 
possible errors in its paradigm-challenging 
measurement of neutrinos travelling faster 
than light. “I think we did the right thing to 
continue to investigate,” says Dario Autiero 
of the Institute of Nuclear Physics of Lyons 
in France, who presented the original results 
and notes that the collaboration had spent 
six months checking its result before its 
announcement last September. 


L it an epic blunder or a textbook demon- 


To others, the revelation shows that the 
OPERA team went public too soon with its 
claim that neutrinos from CERN, the Euro- 
pean particle-physics laboratory near Geneva 
in Switzerland, were flouting Albert Einstein’s 
absolute limit on the speed of light as they trav- 
elled the 730 kilometres to the OPERA detector 
at the underground Gran Sasso National Labo- 
ratory near Aquila, Italy. “I find it embarrass- 
ing,’ says Luca Stanco of the National Institute 
of Nuclear Physics in Padova, Italy,an OPERA 
member who initially refused to sign a paper 
about the result. “Maybe we should have been 
more cautious and done more checks.” 

On 23 February, OPERA team members 
reported two possible sources of error in the 
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experiment. The initial result suggested that the 
neutrinos were reaching the detector 60 nano- 
seconds faster than the speed of light would 
allow. Both potential errors would affect the 
neutrinos arrival time, as measured by OPERAS 
master clock (see “Timing trouble’). The first is a 
faulty connection at the point at which the light 
froma fibre-optic cable brings a synchronizing 
Global Positioning System (GPS) signal into the 
master clock. The fault could have delayed the 
GPS signal, causing the master clock to run slow 
and thus causing the neutrinos’ travel time to 
appear shorter than it actually was. 

“It’s a subtle effect; says Autiero, and one 
that was evident only when the team exam- 
ined many measurements of signals passing 
through the connection. Tests of the timing 
system turned up a second, opposing effect: 
an oscillator within the master clock that keeps 
time between the arrivals of synchronization 
signals was running fast. That would have 
made the neutrinos’ travel time seem longer. 

The collaboration says that it has not yet 
worked out the magnitude of these effects. 
Autiero says that because of the high profile of 
the result and the possibility of rumours and 
leaks, the collaboration wanted to disclose the 
potential errors promptly. The OPERA team 
plans to correct the faults and repeat the exper- 
iment after CERN’s neutrino beam is switched 
on again in March, following a winter break. 

Two independent checks of the measure- 
ment are also being considered. One, at Japan's 
Tokai to Kamioka (T2K) neutrino experiment, 
would still be valuable despite the doubt cast on 
the OPERA data, but may now prove harder to 
fund, says international co-spokesman Chang 
Kee Jung, a physicist at Stony Brook University 
in New York. But another, the Main Injector 
Neutrino Oscillation Search (MINOS) experi- 
ment, which fires neutrinos from Fermilab in 
Batavia, Illinois, to an underground detector 
in northern Minnesota, will proceed, at a cost 
of about US$500,000. “It’s never a bad idea to 
have multiple measurements,” says MINOS 
co-spokesman Rob Plunkett. 

Jorge Paramos, a physicist at the Higher Tech- 
nical Institute in Lisbon, says that the admis- 
sions by OPERA point to an honest mistake, 
albeit one that should have been avoided. “The 
putative origin of the systematic error reflects 
the innards of the experiment — something that 
should have been checked exhaustively before 
any public announcement,’ he says. m 
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Livestock in the heart of US cattle country will be put at risk if foot-and-mouth disease escapes from the proposed National Bio and Agro-Defense Facility. 


BIOSECURITY 


Plans stall for biodefence lab 


US National Academy of Sciences reassesses risks of high-security work in cattle country. 


BY SUSAN YOUNG 


can involve a 22-hour flight. Bossart, a 

microbiologist at Boston University in 
Massachusetts, works on treatments and vac- 
cines for the Nipah and Hendra viruses, which 
are deadly to both horses and humans. Her 
research requires the highest level of biologi- 
cal security containment — BSL-4 — but no 
BSL-4 labs in the United States can accommo- 
date horses, so she collaborates with research- 
ers in Australia. 

“If we want to protect large animals from 
these infections, then we have to test vaccines 
in them,’ says Bossart. 

The US Department of Homeland Secu- 
rity (DHS) has broken ground for a facility 
that would have allowed researchers such as 
Bossart to work closer to home. The National 
Bio and Agro-Defense Facility (NBAF) in 
Manhattan, Kansas, is designed to provide 
BSL-4 containment for large-animal studies 
and replace the Plum Island Animal Disease 
Center, the federal government'’s 58-year-old 
BSL-3 installation off Long Island in New 
York. But the NBAF’s future has been thrown 
into question, with no new money allocated 
for it in the president’s proposed 2013 fed- 
eral budget and reviewers considering fears 
about whether it could keep pathogens safely 
contained in the middle of prime US cattle 
country. 

Last week, the US National Academy of 


| by Katharine Bossart, a trip to the lab 
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Sciences (NAS) convened a closed meeting 
to review a revised risk assessment from the 
DHS, which it received on 10 February but 
has not yet made public. Congress ordered the 
report last year, after the NAS harshly criticized 
a 2010 assessment, citing factors such as the 
absence of back-up high-efficiency particulate 
filters in the building plans; flawed estimates 
of how quickly an outbreak could be detected 
and stopped; and poor consideration of the 
facility’s proximity to metropolitan areas and 
livestock. Beef producers have been particu- 
larly alarmed that the 2010 assessment put the 
cumulative risk of foot-and-mouth disease 
escaping from the NBAF over the facility’s 
projected 50-year lifespan at 70% (see ‘Fear 


FEAR FACTOR 


A 2010 risk assessment found that the probability 
of foot-and-mouth disease escaping from the 
National Bio- and Agro-Defense Facility during its 
50 year lifespan was 70%. 
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factor’). The virus that causes the disease 
spreads quickly and would have a devastating 
effect on the US cattle industry if it escaped. 
US research with live foot-and-mouth virus is 
currently restricted to Plum Island. 

Both the latest assessment and the review of 
it by the NAS, expected by June, are required 
by Congress before the US$50 million desig- 
nated for the NBAF in the 2012 federal budget 
can be spent. 

The 2013 budget not only commits no 
further funds to the NBAF, but also creates 
a new hurdle, requiring the NAS to examine 
whether current disease threats justify the facil- 
ity, which could cost up to $1 billion to build. 

“We understood going into this that issues 
would arise,’ says Ron Trewyn, vice-president 
for research at Kansas State University (KSU) 
in Manhattan, which in 2009 helped the state 
to win its bid to host the NBAE “Budget is a big 
deal these days, but given the importance of 
the NBAF to national security and to protect- 
ing our agricultural economy, we are confident 
that these issues will be worked through and it 
will move forward.” 

Kansas has committed $105 million in 
bonds to support the facility, which is touted 
as an economic boon for the state. The site 
is adjacent to the KSU 
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considering whether to send graduate 
students to Plum Island to build expertise. 
“We are working with Homeland Security 
and the US Department of Agriculture on 
Plum Island to develop the workforce that 
will ultimately work at the NBAF,” says 
Stephen Higgs, director of the Biosecurity 
Research Institute. 

But critics of the facility welcomed the 
decision by President Barack Obama's 
administration not to request further fund- 
ing for it. “We are optimistic,” says Tom 
Manney, a retired KSU biophysicist who 
helps to lead a group called No NBAF in 
Kansas. The group says that a facility that 
works on highly infectious animal diseases 
does not belong “in the centre of the food- 
animal health corridor”. 

Opponents voiced their concerns about 
the project at an NAS public meeting in 
Manhattan in January. “It is easy for those 
promoting the facility to argue for the Kan- 
sas site because their livelihoods are not at 
stake,’ wrote cattle rancher Paul Irvine ina 
submitted statement. 

What happens next will depend, in part, 
on the NAS’s judgement of the facility’s risks 
and benefits. The DHS says that the NBAF 
is needed to develop countermeasures 
against bioterrorism — a threat that reso- 
nates less now than it did immediately after 
the anthrax attacks on the United States in 
2001. But the department also cites three 
threats that receive far less public attention. 
One is the growing likelihood of foreign 
animal diseases entering the United States 
as a result of international animal move- 
ment from commerce and smuggling. A 
second is the risk of animal-borne diseases 
spreading to humans as population growth 
and dispersal puts people into greater con- 
tact with wild animals. The third is the 
potential for global warming to expand the 
range of insect-borne diseases. 

“Not having a facility like this is almost 
negligent,” says Higgs. “We have the capa- 
bilities to build a facility that will better 
prepare us in the event of some pathogen 
coming in. The NBAF will be the shining 
star in these types of labs.” 

Soren Alexandersen, director of a BSL-4 
facility in Winnipeg, Canada, that can 
accommodate small numbers of livestock, 
says that the challenges of running such 
labs can be met with technical measures. 
He adds that although many of the diseases 
studied in Winnipeg, including the Nipah 
Virus, are not currently found in North 
America, preparedness matters. “We have 
the methods and the facility in place so that 
we can start working,” he says. 

Bossart agrees. “You can’t just flip a 
switch and make these facilities function,” 
she says. “If you don’t have these unique 
capabilities, you are not going to be able to 
respond if an outbreak occurs.” = 
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US disease agency 
in fiscal peril 


Proposed budget changes threaten disease prevention 


and surveillance programmes. 


BY MEREDITH WADMAN 


hen US President Barack Obama 
proposed a US$664-million cut in 
congressional funding for the US 


Centers for Disease Control and Prevention 
(CDC) in his 2013 budget request, he tried 
to ease the pain by replacing much of it with 
money from other sources. But only days after 
the 13 February request, a vote on Capitol Hill 
made clear just how vulnerable those substitu- 
tions are, suggesting that the US public-health 
agency is on increasingly shaky financial 
ground. 

The proposed cut would come from the 
part of the agency’s budget that is controlled by 
Congress and pays for the core operations of the 
CDC, based in Atlanta, Georgia. These include 
grants to local, county and state public-health 
departments to monitor infectious diseases 
or track food-borne outbreaks. Core funding 
is also used to maintain the Strategic National 
Stockpile, a repository of drugs reserved for 
fighting epidemics and bioterrorism. If Obama's 
plan is enacted, the CDC’s congressionally 
controlled funding will have fallen by roughly 
20% since 2010 — a decline that “looks like a 
disaster waiting to happen’ says Scott Becker, 
executive director of the Association of Public 
Health Laboratories in Silver Spring, Maryland. 


CUT TO THE CORE 


The budget of the US Centers for Disease Control 
and Prevention (CDC) is increasingly floating on 
funds that may not materialize. 

i Prevention and Public Health Fund 


© Transfers from other agencies 
(requires approval by Congress) 


i Core programme funding 


on oOo N 


CDC budget (US$ billion) 


w 


2000 2001 2003 2006 2010 2012 2013° 
*President’s FY2013 budget request 


© 2012 Macmillan Publishers Limited. All rights reserved 


Cuts to the CDC have already contributed to 
the loss of nearly 50,000 jobs in state and local 
health departments since 2008. This year, the 
administration argues that “efficiencies” will 
make possible the specific cuts it has proposed 
in areas such as adult-immunization funding 
and epidemiological support. But CDC advo- 
cates and public-health officials are sceptical. 
A proposed $47-million cut to the Strategic 
National Stockpile “is a lot more than just effi- 
ciency. It’s going to cut capability as well, says 
Crystal Franco, an associate with the Center 
for Biosecurity of UPMC in Baltimore, Mary- 
land. “We are reaching the tipping point where 
preparedness efforts are going to be reversed 
because of the lack of funding,” she adds. 

The CDC’s budget was significantly boosted 
a decade ago because of concerns over bio- 
terrorism in the wake of the 9/11 attacks. But 
as a budget vice tightens on the US govern- 
ment, the administration has begun to rely on 
two other sources to offset cuts to CDC pro- 
grammes that have historically been funded by 
Congress (see ‘Cut to the core’). 

One source is transfer payments made to 
the CDC from other public-health agencies. 
The 2013 budget would boost those payments 
by $296 million over this year’s level. But that 
would require congressional approval, which 
is far from guaranteed. 

The second source of funds to offset CDC cuts 
— $903 million from the Prevention and Pub- 
lic Health Fund (PPHF) — could be even less 
secure. Established by the 2010 health-reform 
law, the multibillion-dollar fund is aimed at 
disease prevention but has become an object of 
disdain for those opposed to the law. In the cur- 
rent atmosphere of fiscal constraint, the PPHF 
has become a target for raiding, and already, 
as part of a payroll-tax-cut extension that was 
signed into law by Obama on 22 February, Con- 
gress has cut the fund by 20%, or $250 million, 
in 2013, and by a total of $6.25 billion to 2025. 

The fund “is vulnerable. It could go away 
quickly,” says James Hughes, a CDC veteran 
and immediate past president of the Infectious 
Diseases Society of America in Arlington, 
Virginia. What's more, says Hughes, now a pro- 
fessor of public health at Emory University in 
Atlanta, the fund was intended to launch inno- 
vative prevention initiatives, “not to replace 
core public-health capacity support”. = 
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Genomics, 
plain and simp le 


A Pennsylvania clinic working with Amish and Mennonite 
communities could be a model for personalized medicine. 


n 2003, Leon and 

~/ Linda Hoover 

embarked ona trying 

medical odyssey by 

horse and buggy. The 

Hoovers, of Lewis- 

burg, Pennsylvania, 

are Mennonites, a 

religious group that 

mostly eschews cars, televisions and other 

modern conveniences. Along with the Amish 

communities that dwell in the region, they are 

the ‘Plain people, whose handmade clothes 

and horse-drawn carriages are an iconic part 
of the landscape. 

But modern medical technology was to 

become a large part of the Hoovers’ lives when 

they rode to the doctor with their six-week-old 
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son, Raylon. He had been suffering from a del- 
uge of infections — from croup to thrush to 
cytomegalovirus. After two months and con- 
sultations with various physicians, he received 
a tentative diagnosis: severe combined immu- 
nodeficiency (SCID), which describes a num- 
ber of genetic disorders that leave children 
unable to fight infections. Although SCID can 
be treated by bone-marrow transplantation, 
refining the diagnosis and finding a match- 
ing donor require genetic testing. Physicians 
shipped blood samples to Duke University in 
Durham, North Carolina, and sent the Hoo- 
vers home to wait. But after three long weeks 
without results, Raylon’s health was worsening, 
and Leon was getting desperate. 
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Erik Puffenberger, Kevin Strauss 
and Holmes Morton (from left 

to right) in front of the Clinic for 
Special Children, which treats 
those with inherited disorders. 


He called the Clinic for Special Children in 
Strasburg, Pennsylvania, a timber-framed, slate- 
roofed structure housing an arsenal of modern 
genetic and genomics instrumentation. Hoover 
spoke for 45 minutes to Kevin Strauss, a paedia- 
trician there. “You have a SCID baby, and you 
are at home?” Strauss asked, incredulous. To 
speed things up, he referred the Hoovers to his 
colleague Nancy Bunin, now director of stem- 
cell transplantation at the Children’s Hospital 
of Philadelphia (CHOP) in Pennsylvania. She 
quickly arranged for genetic testing and a bone- 
marrow transplant. But it came too late. Raylon 
died at 6 months and 15 days. 

Last September, when the Hoovers had 
another child, the story was very different. A 
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test at birth revealed that their daughter, Ken- 
dra, had a dangerously low white-blood-cell 
count and probably had SCID. In tears, Hoover 
called Strauss on a Sunday at dawn. The pae- 
diatrician sprang into action. A midwife col- 
lected Kendra’s umbilical-cord blood and had 
it driven the 170 kilometres to his laboratory. 
Within 12 hours of Kendra’ birth, the lab team 
had detected a single letter change in her IL7R 
gene — the same mutation that had affected 
her brother. 

The next morning, Strauss drove to the 
Hoover family’s sewing-machine shop. There, 
16 relatives lined up to give blood in the hope 
that one could become Kendra’s bone-marrow 
donor. Testing at the clinic revealed that her 
sister, 11-year-old Ester Mae, was a match, and 
Kendra received the transplant at CHOP within 
16 days of her birth. Kendra’s total medical bill 
was US$12,000 — compared with $500,000 for 
her brother. And she is doing well today. 

“This is what genomic medicine is supposed 
to do,’ Strauss says. “If you know which peo- 
ple are at risk, you can determine a diagnosis 
before a child is 24 hours old. You can come up 
with a treatment based on the genetics.” 


THE MILLION-DOLLAR INTERPRETATION 

The Clinic for Special Children, it seems, has 
found a way to apply the basic tools of genom- 
ics to save lives, money and resources. At the 
clinic, two paediatricians, a molecular geneti- 
cist and their staff have tools such as sequenc- 
ers, microarrays and a LightScanner, which 
detects gene mutations. Using these tools, 
they nimbly stitch together the elements of 
basic science and clinical practice necessary 
to move from a blood sample to DNA analy- 
sis, all the way to diagnosis and treatment — 
sometimes in a matter of days. 

By doing so, the clinic has achieved what 
many others in genomic medicine are strug- 
gling to do. Although genome sequencing is 
creeping into clinical care around the world, 
it has yet to become an integral part of every- 
day medical practice. “We've talked about the 
thousand-dollar genome and the million- 
dollar interpretation,” says Eric Topol, a gen- 
omicist at the Scripps Research Institute in La 
Jolla, California. “The challenging bottleneck 
is the process of trying to nail down which 
DNA variation is the root cause.” 

The team at the Clinic for Special Children 
can negotiate that bottleneck in part because of 
the unusual community with which it works. 
The Amish and Mennonites in Lancaster 
County are descended from a small founder 
population, have a remarkable knowledge of 
family history and tend to marry within the 
groups. This means that they have a high rate 
of particular genetic disorders, which makes 
it easier for researchers to trace the causes of 
such diseases. 

But the clinic’s success also hinges on its 
combined clinical and laboratory facilities, 
and the close relationship that Strauss and 


his colleagues have built with the community. 
The Amish and Mennonites shun technology 
to varying degrees — some even forbid zips 
on clothing — but they unanimously sup- 
port the clinic. If a technology draws people 
together in “fellowship”, says Mark Martin, a 
Mennonite and member of the clinic board, 
then the churches will indulge. The commu- 
nity even holds quilt and handicraft auctions 
to raise funds for the clinic, which last year net- 
ted $500,000 — about one-third of the clinic's 
budget. 

Holmes Morton, who started the clinic in 
1989, says that it could serve as a model for 
personalized medicine in many other small 
populations with similar genetic histories. 
“Plain populations are interesting not because 
they are different, he says. They are interesting 
because their genetics are the same as those of 
people everywhere, he says. 

Morton, now 61, grew up in Fayetteville, 
West Virginia. He was a high-school dropout, 
who spent six years as a boilerman and engine- 
man in the Merchant Marines and the Navy 
while taking a slew of correspondence courses. 
He used these to talk his way into Trinity Col- 
lege in Hartford, Connecticut, and from there 
went to Harvard Medical School in Boston, 
Massachusetts. The dean of admissions, 
Morton says, was intrigued by his unusual 
background. 

In 1988, while completing a medical fellow- 
ship in metabolic diseases at CHOP, Morton 
encountered his first Amish patient — a six- 
year-old boy with a strange form of cerebral 
palsy. Through a urine test, Morton diagnosed 
him with glutaric aciduria type 1 (GA-1), which 
is caused by a defect in a protein-digesting 
enzyme and can lead to brain damage, severe 
movement problems and early death unless 
strict dietary restrictions are observed from 
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infancy’. (Morton and Strauss later developed 
a formula to meet those restrictions.) 

Morton knew that there were more Amish 
children with GA-1 and other treatable genetic 
conditions who were not receiving care, either 
because centres were too far away or tests were 
too expensive. So he decided to open a clinic 
that could meet the needs of the community. 
This meant bringing in diagnostic equipment 
to provide cheap, in-house testing, factoring 
in physician time for home visits and, most 
importantly, setting up shop in the heart of 
the community — within driving distance for 
a horse and buggy. 


BREAKING GROUND 
Morton applied for federal funding to cover 
office space, a computer and a mass spectrom- 
eter, but was denied. So he and his wife Caro- 
line decided to take out a second mortgage on 
their house. Just before they did so, a reporter 
from the The Wall Street Journal wrote about 
Mortor’s quest”. Within a week, readers had 
sent in several hundred thousand dollars and 
Hewlett-Packard had donated equipment. In 
the grand barn-raising tradition of the Plain 
people, Amish and Mennonites came together 
to build the clinic on a plot of land donated by 
Jake Stoltzfoos, an Amish farmer whose grand- 
children Morton had treated. It is probably the 
only medical centre today with both a hitching 
post and an Ion Torrent DNA sequencer. 
Despite the technology available, Strauss 
says, one of the clinic’s most important tools is 
“institutional memory”. An Old Order Men- 
nonite family came to visit Strauss in 2006, for 
example. Their six-month-old daughter, Rosa- 
lyn, had a cluster of developmental problems. 
Unable to diagnose her, Strauss, who would 
eventually take over as medical director of the 
clinic, wandered downstairs to talk to his lab 


Prompt genetic testing and treatment have given Kendra Hoover (front centre) a good prognosis. 
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director Erik Puffenberger, a molecular geneti- 
cist. “T've got a girl with a small head and vision 
problems,’ Strauss said. “Does that ring a bell?” 

It did. Puffenberger recalled a Mennonite 
family he had met in the late 1980s when he 
was working with Victor McKusick, a renowned 
geneticist and author of Medical Genetic Stud- 
ies of the Amish. The family had six children: 
all blind, with abnormally small heads. Puffen- 
berger and Strauss tracked down the family to 
the same cinder-block residence they had occu- 
pied all their lives. The mother was in her eight- 
ies, still caring for her five surviving children, 
by then in their fifties and sixties. Strauss col- 
lected blood samples and Puffenberger analysed 
them, using gene- 
expression analysis 
and sequencing all 
the known protein- 
coding regions of the 
genome, knownas the 
exome. Puffenberger 
and his colleagues 
identified a novel 
mutation in a gene 
called TUBGCP6, 
which encodes a 
protein necessary for 
proper cell division 
and seems to explain 
the condition’. 

Although the disease cannot be cured, Rosa- 
lyn’s vision problem, which involved the retina 
detaching from the eye, was treated with sur- 
gery to prevent otherwise inevitable blindness. 
Strauss’s team has since caught the same disor- 
der, before the onset of symptoms, in two of her 
siblings through newborn screening. One has 
already received surgery and the other, still an 
infant, is scheduled to undergo surgery soon. 

In addition to those within the Lancaster 
community, Morton and Strauss examine 
patients from communities in 27 other states 
and a handful of other countries. Like any 
paediatrics practice, the physicians send out 
some samples for routine testing, but can per- 
form almost any genetic and biochemical test 
in their own basement laboratory. They now 
know and can test for the molecular basis of 
121 heritable genetic diseases common among 
the populations they serve. If a patient has 
none of these — the case for nearly half the 
children they see — the basic research starts. 

Strauss estimates that, in the Lancaster 
populations, his team will uncover the roots 
of between 5 and 15 new genetic diseases a year 
for at least the next decade. Many of those will 
be present in only a handful of people. About 
one-half to three-quarters will be treatable, he 
estimates, especially if detected early, as in the 
case of Kendra Hoover. 

How applicable their approach is for other 
clinics that are currently adopting genomic 
tools is an open question, however. Some sci- 
entists are sceptical. “It’s a pretty unique situ- 
ation because they are dealing with a closed 
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population,” says Leslie Biesecker, chief and 
senior investigator of the genetic-disease 
research branch at the National Human 
Genome Research Institute in Bethesda, Mar- 
yland. By ‘closed; he means that because of its 
small founder population and intermarriage, 
Plain people stand to inherit only a relatively 
small number of rare disorders. 

Although conceding that disease genes 
are easier to identify among the Amish and 
Mennonites, Strauss argues that the criticism 
misses the mark. “Tfisolated populations make 
it so easy to do this work,” he asserts, “why 
haven't other major academic centres nearby 
that see these patients made the genetic dis- 


“They have all these patients, 
but every one is treated like 


their own child.” 
SEE 


coveries that we have?” 

The answer, he says, is that other institutions 
keep the clinic separate from the research, which 
complicates genomic screening and makes it 
prohibitively expensive. By contrast, the clinic 
embeds its laboratory within its walls, certifies 
it and uses a blanket institutional review board 
approval from nearby Lancaster General Hospi- 
tal. That allows Strauss or Morton to order, say, a 
microarray test to screen for a genetic mutation 
in a newborn in the same manner that other 
physicians might order a cholesterol test. The 
lab’s integration, as much as the community 
structure, is key to surmounting the problem 
of million-dollar interpretation. 

Puffenberger says that the advantages pro- 
vided by such populations are shrinking. Many 
of the team’s recent discoveries were — or 
could have been — determined by sequenc- 
ing the exomes of just one patient and his or 
her immediate family, rather than reaching 
out to extended families for multiple affected 
individuals. As other medical centres begin to 
apply genome and exome sequencing, Strauss, 
Morton and Puffenberger hope that more will 
adopt the same sort of integrative style. 

Even sceptics such as Biesecker concede that 
the idea of a general population as a well-mixed 
melting pot is inaccurate. Instead, the ‘general 
populatior is actually 
a mosaic of subpopu- 
lations, immigrating 
together and often living 
for decades in the same 
geographical location. 
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In the United States, for example, there are 
pockets of high intermarriage in Appalachia. 
And Iceland has some 318,000 residents, who 
are largely descended from a small founder 
population. Genomics approaches similar to 
that used at the clinic are already at work for 
consanguineous populations in the Middle 
East and Ireland, says Stacey Gabriel, director 
of cancer and medical sequencing at the Broad 
Institute in Cambridge, Massachusetts. 

“Founder populations are the history of 
the world,” Morton says. “Whether they are 
located in a county in West Virginia or a region 
in Brazil, each population has a genetic make- 
up that can be studied and served.” That, he 
adds, is where the 
model of the clinic 
becomes useful. 

Moving forward, 
the team at the clinic 
hopes to streamline 
its approach to diag- 
nosing new patients 
and the roughly 1,000 
current patients in 
the area still without a 
molecular diagnosis. 

For help in proving 
that the mutations 
they identify really 
do lie at the heart of 
disease, the team is collaborating with neu- 
roscientist Rob Jinks of the Lancaster-based 
Franklin & Marshall College. With support 
from an education grant from the Howard 
Hughes Medical Institute, Jinks and a group 
of undergraduate students are working to 
determine the biological consequences of the 
mutations the clinic discovers. 

But the clinic team is quick to note that 
scaling up genomic sleuthing is not the top 
priority. “We solve the problems for one child, 
one family at a time,’ Strauss says. 

The Hoovers have experienced this first 
hand. Last October, Kendra Hoover lay in her 
mother’s arms as a needle delivered human 
immunoglobulin into her scalp. These pro- 
teins would help protect Kendra from viral and 
bacterial infection while the cells transplanted 
from her sister began to take residence and give 
her a functioning immune system. Her prog- 
nosis is good, and her father, Leon, couldn't 
be happier. 

“T dont know if I can put into words, how 
much they mean to us,” he says. “They have 
all these patients. So many to take care of. But 
every one is treated like their own child.” mSEE 
EDITORIAL P.5 


Trisha Gura is a science journalist in Boston, 
Massachusetts. 
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BY ERIKA CHECK HAYDEN 


he intersection of Mission and Sixth 

streets in San Francisco's South of 

Market neighbourhood is considered 

one of the most crime-riddled in the 

city. Liquor shops, adult bookshops 
and single-resident-occupancy hotels inhabit 
most of the buildings. Homeless people sit on 
the pavements or shuffle by, many of them 
showing symptoms of mental illness or drug 
abuse. Yet behind the walls of an unassum- 
ing outpatient psychiatric clinic, researchers 
are conducting experiments that they believe 
could fundamentally change the landscape of 
psychiatric care. 

Inside the San Francisco Citywide and Com- 
munity Focus Center, ina room about the size 
of a large walk-in wardrobe, two people wear- 
ing headphones sit staring at computer screens. 
Despite the hubbub — the din of a nearby 
group session, clients milling in the hallway 
and the internal turmoil caused by their mental 
disorders — they are mesmerized by the games 
on the screens. Both have schizophrenia, and 
they are taking part in a study that aims to 
determine whether a controversial method of 
treatment can succeed where modern medi- 
cine has largely failed. 

The man behind the games is Michael 
Merzenich, an emeritus professor at the Uni- 
versity of California, San Francisco, and a 
pioneering advocate for neuroplasticity — the 
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notion that the brain can reshape and remodel 
its neural pathways even into adulthood. He has 
gained notoriety for his unabashed promotion 
of video games designed to tap into that plas- 
ticity. These have been marketed to treat eve- 
rything from reading difficulties in children to 
driving impairment in elderly people. His zeal 
has, at times, attracted criticism. There is little 
solid evidence, say critics, that brain training 
makes a long-lasting difference in the lives of 
either ill or healthy people. The language- 
learning program Fast ForWord, in particular, 
has rankled some. “It is a waste of money for 
schools to pay for these programs that, in my 
reading of the literature, are ineffective,” says 
Martha Farah, a cognitive neuroscientist at the 
University of Pennsylvania in Philadelphia. 

But this year, Merzenich aims to push the 
envelope further. He and his colleagues plan to 
start clinical trials that could lead to a first in 
the brain-training field: approval from the US 
Food and Drug Administration (FDA). 

FDA approval for the software would give 
people with schizophrenia a new sanctioned 
treatment option, and grant legitimacy to Mer- 
zenich’s work. It will also put pressure on the 
rest of the brain-training industry to prove the 
value of its products. Making the case will not 
be easy. But Murali Doraiswamy, a psychiatrist 
and neurobiologist at Duke University in Dur- 
ham, North Carolina, says that Merzenich is 
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AME 


Michael Merzenich has a plan for 
how to convince sceptics of the 
worth of his brain- training video 
games: prove that the software can 
help people with schizophrenia. 


fighting an important battle. “Ifhe can present 
rigorous results on the outcomes that the FDA 
deems meaningful, it will help everyone else to 
focus on achieving those goals and weed out 
the bad players.” 

Weeding out the ‘bad players’ is one of Mer- 
zenich’s main hopes; he has long felt that the 
field of cognitive training lacks discipline and 
is happy to share what he thinks of it: “bullshit- 
ridden”. Even some critics, such as Farah, 
respect his push for FDA approval. “I think this 
foray into schizophrenia puts us back in much 
more familiar territory, where we have systems 
in place for evaluating whether an intervention 
is effective” 


READY FOR ACTION 
A gruff bear of a man, Merzenich grew up as 
the son of a farmer in rural Oregon. He owns 
a small farm in Sonoma County, north of San 
Francisco, where he makes wine and cures 
olives, and he arrives for a Monday-morning 
interview with dirt under his fingernails. 
Merzenich earned his PhD in 1968 at Johns 
Hopkins University School of Medicine in 
Baltimore, Maryland, working with Vernon 
Mountcastle, who laid the basis for brain- 
plasticity studies by showing that the cerebral 
cortex is organized into vertical columns of 
neurons that respond to particular stimuli. 
Merzenich went on to demonstrate in monkeys 


CODY PICKENS FOR NATURE 


Michael Merzenich has courted controversy with his brain-training software. Now he is trying to get it approved by the Food and Drug Administration. 


that when neurons that normally process sen- 
sory information from one part of the hand 
lose their inputs, they begin processing input 
from other parts of the hand’. Merzenich also 
mapped the brain systems involved in human 
hearing — work that eventually led him to co- 
develop the first cochlear implant, a device that 
allows people with severe hearing impairments 
to hear by training their brains to interpret elec- 
trical signals sent to the auditory nerve. That 
device, developed in the 1980s, is now sold by 
Advanced Bionics in Valencia, California. 

His work on the monkeys and the implant 
showed Merzenich first-hand how the brain 
could change given the right stimuli, and he 
began to see rewiring the brain as a way to treat 
a broad range of medical and societal ills. In 
1996, he began selling Fast ForWord through a 
company he co-founded in Oakland, California, 
called Scientific Learning. The program aims 
to train the brain to discriminate sounds bet- 
ter. And that, Merzenich contends, should lead 
to improved speech processing and reading. In 
2003, he formed Posit Science in San Francisco, 
California, to focus on cognitive training, essen- 
tially workouts to sharpen the brains function. 

Posit, like other brain-training firms, has 
faced scepticism. The brain-training indus- 
try — which was projected to grow from 
US$265 million in 2008 to between $1 billion 
and $5 billion by 2015 — markets games that 


“WE WILL SEE 
BENEFITS. 

WE WILL. 
BECAUSE WE 
ALREADY HAVE.” 


claim to boost skills such as memory or focus 
in healthy adults. But for those likely to need it 
most, such as elderly people, there has been no 
convincing evidence that the games work any 
better than the mostly free activities that phy- 
sicians routinely recommend, such as physical 
exercise, socializing with friends, taking up a 
new hobby or playing a musical instrument. 
“Really well-designed clinical trials to test the 
efficacy of these devices are few and far between. 
It’s sort of like the Wild West,’ says Peter Sny- 
der, a neurologist at Brown University’s Alpert 
Medical School in Providence, Rhode Island. 
Henry Mahncke, Posit’s chief executive, says 
that the company has shown memory improve- 
ments in healthy people aged 60 years and up 
who use the software*’. He also criticizes a 2010 
paper’ in Nature that reported a study of people 
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recruited over the Internet to play a brain-train- 
ing game. The study showed that benefits didn't 
translate into general cognitive improvement. 
It was widely reported as undermining the 
concept of brain training, but Mahncke points 
out that the training was much less intensive 
than in Posit’s trials and the participants were 
younger. Still, the criticisms have taken a toll. 
Posit, for instance, shrank from 86 employees in 
2007 to fewer than a dozen last year. The com- 
pany needs a clear success. 

Schizophrenia might seem an odd place for 
Posit to stake its future because the disorder is 
complex and can involve symptoms as diverse 
as hallucinations, delusions, lack of motivation 
and difficulties in expressing emotions, speech 
and thought. But the drugs currently used to 
treat it have frequent and severe side effects. 
They also don't alleviate many of the symptoms 
that can prevent people with schizophrenia 
from finding work and forming relationships. 
That means that schizophrenia has a higher 
social cost than more common psychiatric ill- 
nesses, such as depression. 

Yet the disease’s intractability is part of 
what attracted Merzenich; if his treatment 
succeeds, it could have a big impact. Moreo- 
ver, researchers are shifting their focus away 
from the more attention-grabbing symptoms 
of schizophrenia — the delusions and other 
signs of loss of contact with reality — and 
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starting to see the disorder as the result of 
dysfunctions in basic cognitive processes * 
such as attention, learning, memory, 
speech and problem-solving. 

That recognition helped to give rise to 
a therapeutic approach known as cogni- 
tive remediation, which aims to tackle the 
deficits directly. It also led the US National 
Institute of Mental Health in Bethesda, 
Maryland, to commission guidelines for 
testing interventions in schizophrenia. 
Called MATRICS (Measurement and 
Treatment Research to Improve Cogni- 
tion in Schizophrenia), the guidelines were 
developed in consultation with the FDA 
and released in 2005. They spell out which 
cognitive tests should be used to measure 
deficits and improvements in seven catego- 
ries of mental abilities, such as visual learn- 
ing and problem-solving, and how the tests 
should be used in clinical trials intended to 
form the basis of FDA approval. MATRICS 
was designed to facilitate the development 
of new drugs, but Merzenich sees it as a 
road map that could guide trials of brain- 
training software. 

Thanks to the MATRICS guidelines, 
Merzenich says, “schizophrenia is a rela- 
tively simple thing to carry to trial. Ifyou 
have a significant effect in a clinical popula- 
tion, then you will be given the right to sell the 
drug.” He is optimistic that his treatment will 
be approved. “Tl tell you right now, we will see 
benefits in all seven MATRICS categories. We 
will. Because we already have” 

The approach that Merzenich is testing, 
called Plasticity Assisted Cognitive Remedia- 
tion (PACR), includes elements from programs 
that Posit already markets to the general public. 
One set of exercises focuses on improving the 
processing of sounds and words through tasks 
that, for instance, ask the user to discriminate 
between similar sounds, such as ba and ga, or 
to decide whether a tone is rising or falling in 
pitch. Another deploys similar tasks in a visual 
space — for instance, asking a user to remem- 
ber where items are hidden, or to spot an object 
placed in the periphery of his or her visual field. 
Other exercises, specifically designed for people 
with schizophrenia, focus on social function. 


TRAIN OF THOUGHT 

Sophia Vinogradov, a psychiatrist at the Uni- 
versity of California, San Francisco, has already 
run some clinical trials of Merzenich’s software. 
The goal of treating people with schizophrenia, 
she says, is to improve fundamental neural 
processes so that the brain is freed to tackle 
higher-order cognitive demands such as work- 
ing memory. By analogy, she says, if you were 
trying to improve on a lousy tennis serve, you 
might get better results by focusing on compo- 
nents necessary for the motion, suchas balance, 
coordination and upper-body strength, than 
by simply repeating your ineffective serve over 
and over again. People with schizophrenia have 
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Modules in Merzenich’s software for people with 
schizophrenia target basic cognitive tasks. 


problems at multiple levels of auditory and ver- 
bal processing pathways, Vinogradov says. “It 
makes sense to start with early levels of these 
pathways and work your way up.” 

Some suspect that Posit will have more suc- 
cess in showing benefits for serious disease than 
for healthy adults. “If you're very close to maxi- 
mum performance, you don't have a lot ofroom 
for improvement,’ says Doraiswamy. “Whereas 
for people in, for instance, a pre- Alzheimer’s 
stage, if you can show 15% to 20% improve- 
ment, it might mean postponing the develop- 
ment of Alzheimer’s by six or eight months.” 

Vinogradov and others have tested various 
levels and combinations of these training pro- 
grams in small groups of people with schizo- 
phrenia. She has shown that the most-intensive 
training tested — 100 hours — can improve 
global cognition for as long as six months after 
the training ends”. None of the groups showed 
a significant improvement in symptom sever- 
ity or quality of life, but Vinogradov speculates 
that that was probably partly because there 
were only about ten patients in each group. 
A small study published last week showed 
that intensive training can improve people’s 
performance in a task that assesses the ability 
to distinguish what is real from what is not. 
Those who improved most had significantly 
enhanced social functioning six months later’®. 

When combined with other interventions, 
such as counselling and job-placement pro- 
grammes, as the current trial at Citywide clinic 
is, cognitive remediation approaches seem to 
help patients function better in society — for 
instance, by helping them to keep jobs’. But 
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teasing out what role, if any, the software 
has in these gains is difficult, partly because 
the programs have been tested in so many 
different combinations and conditions. 

Alice Medalia, a clinical psychiatrist at 
Columbia University in New York and a 
pioneer in cognitive remediation, says that 
she doesn’t think Posit should be seeking 
FDA approval yet, because it hasn't shown 
its software to be any better than other cog- 
nitive remediation therapies, and because 
it is not clear how the programs actually 
treat schizophrenia. A meta-analysis* of 
cognitive-remediation studies, including 
those testing Posit’s software, found no 
differences in the effectiveness of various 
programs — or of other methods of non- 
pharmaceutical remediation. 

This calls into question the scientific 
rationale of the games, Medalia says. “We 
have no idea what the active ingredient in 
these computer-based programs is. Saying 
that neuroplasticity is the active ingredient 
is not specific.” 

Merzenich, however, feels that he has 

fought long enough to prove the valid- 
ity of brain training. Now, he says, it is 
time for regulators to weigh in. Treating 
schizophrenia with software would mark 
a change for psychiatry, which tends to 
focus on dispensing drugs in the first instance. 
Vinogradov says that the growing realization 
of drugs’ shortcomings and a shift away from 
the idea that brain deficits are immutable are 
sparking desire for alternative options. 

“The dominant force in psychiatry has been 
the focus on treating symptoms, not the under- 
lying dysfunction. The patient is this passive 
object to whom you give pills, as opposed to 
actively helping to stimulate constructive 
interaction with his or her environment,’ 
Vinogradov says. 

And Merzenich doesn't plan to stop with 
schizophrenia. The Brain Plasticity Institute 
in San Francisco, another Merzenich-founded 
company, is studying brain-training software 
for conditions ranging from Alzheimer’s dis- 
ease to traumatic brain injury. “If we do this 
in a disciplined way, with scientific confirma- 
tion that is beyond question,’ Merzenich says, 
“we'll very rapidly evolve into a very important 
aspect of psychiatric medicine.” m 


Erika Check Hayden is a reporter for Nature 
based in San Francisco, California. 
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The hieroglyphic script of the ancient Egyptians mystified scholars until the nineteenth century. 


A clash of symbols 


Andrew Robinson pieces together the story of who 
deserves the credit for deciphering the hieroglyphs. 


assigning credit for achievements is often 

controversial. The decipherment of Egyp- 
tian hieroglyphs in the 1820s is an intriguing 
case. Recognition for this great feat is gener- 
ally — and properly — given to the French 
linguist and archaeologist Jean-Fran¢ois 
Champollion, who is regarded as the founder 
of Egyptology. But it is widely acknowledged 
that crucial initial steps were taken by the 
English polymath Thomas Young. 

Having written biographies of both men, 
Iam convinced that the narrowly focused, 
hot-tempered, impecunious Champol- 
lion learnt much from seeds of knowledge 
planted by the wide-ranging, cool-headed, 
wealthy Young. Had they chosen to combine 
forces, rather than to be divided by the defeat 
of Napoleon Bonaparte (a patron of Cham- 
pollion), the problem could well have been 
solved years earlier. 

In stark contrast to Champollion’s spe- 
cialization in Egypt, Young wasa professional 


lE archaeology, as in other sciences, 


physician. He is best known as a physicist 
— for his double-slit experiment showing 
the interference of light waves and for his 
modulus of elasticity — and as a physiolo- 
gist, who theorized about how the eye sees 
colour. He was also a polyglot, who named 
the Indo-European language family in 1813, 
after comparing some 400 languages. 

Young became hooked on ancient Egyptian 
scripts in 1814, when he began to decipher the 
Rosetta Stone. Since its discovery by Napole- 
ons army in 1799, the tablet's three equivalent 
inscriptions — two in unreadable Egyptian 
scripts (hieroglyphic and demotic), the third 
in the Greek alphabet — had triggered much 
activity by scholars. Notable among them 
were the French Orientalist Silvestre de Sacy 
— Champollion’s teacher — and de Sacy’s 
Swedish student Johan Akerblad. 

What ensnared Young was writing a review 
ofa massive German history of languages, the 
editor of which asserted that the unknown 
language of the Rosetta Stone and other 
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Egyptian artefacts might be written in an 
alphabet of little more than 30 letters. When 
he was shown some fragments of inscribed 
papyri from Egypt, Young could not resist the 
challenge. In the summer of 1814, he tooka 
copy of the Rosetta Stone inscription to the 
English seaside town of Worthing to study. 


CONJECTURE AND COMBAT 

In November of that year, as foreign secretary 
of Britain’s Royal Society, Young saw a letter 
Champollion had written from Grenoble to 
the society’s president’. It mentioned Cham- 
pollion’s access to two differing reproductions 
of the Rosetta Stone, and asked the society to 
check passages from them against the original 
in the British Museum in London. 

Young replied to the letter, and the following 
year Champollion read what Young called his 
“conjectural translation” of the Rosetta Stone, 
attempted in Worthing and lent to Champol- 
lion by de Sacy. Then, the battle of Waterloo 
and its bitter aftermath intervened. The > 
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> royalist de Sacy turned against the repub- 
lican Champollion, openly advising Young 
to regard his former student as a poten- 
tial plagiarist'. The Young-Champollion 
correspondence ceased. 

In late 1821, by his own admission, 
Champollion read Young’s key 
work on Egypt, published as 
a supplement to the Encyclo- 
paedia Britannica in 1819. In 
1822, the two men met at the 
academic meeting in Paris at 
which Champollion famously 
announced his decipherment 
of the hieroglyphs, barely men- 
tioning Young. In 1822-23, they 
warily exchanged letters. But 
when Young published a book 
claiming that Champollion’s 
decipherment was an “exten- 
sion” of his earlier work, a heated 
argument ensued. 

They remained respectful to 
each other in public. Young was, 
after all, held in high esteem by French scien- 
tists. In 1828, the two even worked together 
briefly in Paris; Champollion, by now the first 
curator of Egyptian antiquities at the Louvre, 
offered to open up his collections and some 
personal notes on the demotic script to a 
grateful Young. 

In private, Champollion was scathing. 
Writing from Egypt’s Valley of the Kings in 
1829, Champollion exulted to his brother 
in French’: “So the poor Dr Young is incor- 
rigible? Why stir up old matter that is already 
mummified? ... The Briton can do as he 
pleases — it shall be ours: and all of old Eng- 
land will learn from young France to spell 
hieroglyphs by a totally different method.” 

French writers have almost unanimously 
supported the intellectual independence 
of Champollion from Young, at least after 
the decipherment was accepted in the 
mid-nineteenth century and Champollion 
became a national hero. Outside France, 
opinion is still divided. 

Some British Egyptologists have suggested 
that Champollion poached from Young the 
concept of hieroglyphs as a ‘mixed’, alpha- 
betic-cum-ideographic, system. The Irish 
clergyman Edward Hincks, an Egyptologist 
who later helped to decode Mesopotamian 
cuneiform, claimed in 1846 that Cham- 
pollion was guided by Young’s alphabetic 
analysis of the hieroglyphic cartouches for 
the royal names Ptolemy and Berenice. 

Others saw Champollion’s subsequent 
interlocking translations of numerous car- 
touches as key. A former keeper of Egyptian 
antiquities at the British Museum, Peter le 
Page Renouf, argued in 1896 that Young’s 
few readings were too unsystematic to have 
been crucial. His reaction was echoed in 
2005 by Richard Parkinson, current curator 
of the Rosetta Stone, who wrote’ that “while 
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Young discovered parts of an alphabet — 
a key — Champollion unlocked an entire 
written language”. 

In my view, the truth lies in between. 
Champollion was firmly on the wrong track 
in the first half of 1821. It was Young’s 1819 


Script decoders: Thomas Young (left) and Jean-Francois Champollion. 


article, especially its tentative hieroglyphic 
‘alphabet’ that reoriented Champollion and 
set him on the right path. Without it, Cham- 
pollion might never have made his great 
breakthrough of 1822. 


CRACKING THE CODE 

Documentary evidence for Young’s influence 
on Champollion is lacking, but Champol- 
lion’s inconsistent publication record from 
1810-21 is suggestive. In April 1821 (before 
he read Young's Encyclopaedia Britannica 
article), he published a short study illustrat- 
ing 700 Egyptian hieroglyphic and hieratic 
signs. Hieratic is the cursive script derived 
from hieroglyphic in the third millen- 
nium Bc. It then gave birth in around 700 Bc 
to demotic, the second Egyptian script on 
the Rosetta Stone. Champollion’s study, De 
lécriture hiératique des anciens Egyptiens, 
consisted of a mere seven pages of text and 
seven plates of illustrations. Despite its brev- 
ity, it was inadvertently revealing. 

The study stated three conclusions’. First, 
hieratic “is no more than a simple modifi- 
cation of the hieroglyphic system, and dif- 
fers from it only in the form of its signs”. So 
hieroglyphic was the origin of hieratic, and 
hence of demotic. Second, hieratic “is inno 
way alphabetical”. Third, hieratic characters 
“are signs of things and not sounds” — ideo- 
graphic, not phonetic. 

Champollion’s first conclusion was right, 
but had already been published by Young. 
In an 1815 letter to de Sacy, Young noted 
a “striking resemblance” between some 
hieratic and demotic signs and “the corre- 
sponding hieroglyphics” in the Rosetta Stone 
and in some papyrus manuscripts. Cham- 
pollion had made the same deduction in 
1821 on his own, or so he said. 

Champollion’s second conclusion was 
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likely to be wrong because it contradicted 
the work of de Sacy, Akerblad and Young, 
who agreed that demotic almost certainly 
contained alphabetic elements. In the same 
letter to de Sacy, Young stated that demotic 
was neither purely ideographic nor a pure 
alphabet, but a mixture. 

Given that error, Champol- 
lion’s third conclusion, that hier- 
oglyphic and hieratic represented 
“things” and not sounds, was 
bound to be incorrect. His pub- 
lished denial of phoneticism in 
hieratic was a blunder, as well as 
an admission of how far behind 
Young he was. 

Champollion soon regretted 
the 1821 publication. He allegedly 
made strenuous efforts to with- 
draw all copies. This tale is prob- 
ably true, given that copies are 
extremely rare and Champollion 
presented only the illustrations to 
Young, who was unaware of the 
text until later. Most tellingly, Champollion 
made no reference to it in his 1822 paper 
announcing the decipherment. The sup- 
pression makes sense because Champollion 
had decided — after reading Young — that 
there was a phonetic element in the Egyptian 
scripts after all. 

So the decipherment of the Egyptian 
hieroglyphs required both a polymath and 
a specialist to crack the code, even if Cham- 
pollion would never admit it in public. 
Young's myriad-mindedness provided some 
key initial insights in 1814-19, but then his 
versatility slowed his progress. 

Champollion’s single-mindedness 
hindered him from arriving at these insights 
in the same period, but once he got started, 
his ‘tunnel visior’ allowed him to perceive 
the system behind the signs in 1822. Both 
Young’s breadth of interests and Champol- 
lion’s narrow focus were essential. 

Had they collaborated, a ‘Champollion- 
Young decipherment of the Egyptian hiero- 
glyphs might well have begun in 1815 — and 
gained acceptance decades before Champol- 
lion's hotly contested version triumphed in 
the 1860s, long after its discoverer’s death. m 


Andrew Robinson is a writer based in 
London, and author of The Last Man 

Who Knew Everything: Thomas Young 
(Oneworld/Pi Press, 2006). His biography of 
Champollion will be published in April 2012. 
e-mail: andrew.robinson33@virgin.net 
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Four steps to avoid a 
synthetic-biology disaster 


Assess the ecological risks of synthetic microbes before they escape the lab, 
say Genya V. Dana, Todd Kuiken, David Rejeski and Allison A. Snow. 


the desert or near the sea, where giant 

ponds of synthetic microalgae pump 
out biofuels. Imagine seeds coated with engi- 
neered Escherichia coli bacteria that induce 
lateral root growth to reduce soil erosion, the 
goal of the Project Auxin team in the iGEM 
competition (see http://2011.igem.org). 

These may sound like amazing innova- 
tions that have no downside, but what if 
some of the modified organisms persist 
and spread, despite efforts to control them? 
Could they disrupt the normal functions 
of ecosystems by transferring their altered 
DNA to other microbes? Might they, for 
instance, increase competition for resources, 
or disrupt crucial ecological functions? 

No one yet understands the risks that 
synthetic organisms pose to the environ- 
ment, what kinds of information are needed 
to support rigorous assessments, or who 
should collect such data. These questions 
have been raised before, with genetically 
modified seeds, for example. But unlike 
transgenic crops, synthetic microbes will be 
altered in more sophisticated and fundamen- 
tal ways (such as elimination of metabolic 
pathways), making them potentially more 
difficult to regulate, manage and monitor. 
They might also have environmental impacts 
that are difficult to predict. 

In July 2011, the Synthetic Biology Project 
at the Woodrow Wilson International Center 
for Scholars in Washington DC (including 
us) assembled a group of synthetic biolo- 
gists and ecologists to explore the possible 
risks of introducing novel organisms into the 
environment, and how to assess these risks 
(see go.nature.com/pncgxs). These scientists 
are developing an eco-risk research agenda 
— the first of its kind for this emerging 
field — to help move the field forward in a 
productive fashion, while aiming to avoid 
serious ecological impacts. 

It is urgent that we start this work now. 
Synthetic biology has already moved out of 
the lab, propelled by significant public and 
private investments in organisms modified to 
produce chemicals, medicines and biofuels. 
Researchers estimate that the global market 
for synthetic biology was US$1.1 billion in 
2010. This is expected to increase to $10.8 bil- 
lion in 2016, with chemicals and energy 
constituting the largest share’. Such a 
prediction conjures images of a world 


P icture vast expanses of land, perhaps in 


of ‘living factories’ filled with synthetic 
microbes made up of modular genetic parts. 
It also raises the possibility that these syn- 
thetic microorganisms could escape into the 
environment, perhaps in large quantities. 


RESEARCHING RISK 
We propose four areas of risk research that 
scientists, in coordination with regulatory 
agencies and other key stakeholders, should 
address immediately to understand 
the potential ecological effects 
of synthetic organisms, and 
to regulate the use of these 
organisms properly. 
First, differences in 
the physiology of 
natural and syn- 
thetic organisms 
will affect how 
they interact with 
the surround- 
ing environment. 
Research in this area 
could, for instance, 
look for changes in 
a synthetic organism’s 
production of toxic 
substances or other 
harmful metabolites. 
Second, escaped 
microorganisms have the potential to survive 
in receiving environments (for years if in a 
dormant state) and to compete successfully 
with non-modified counterparts. Research- 
ers will need to consider how such microbes 
might alter habitats, food webs or biodiversity. 
Third, synthetic organisms might evolve 
and adapt quickly, perhaps filling new eco- 
logical niches. It is important to ascertain the 
rate at which the synthetic organism and its 
genetic material evolves so as to determine 
whether the organism could persist, spread 
or alter its behaviour in natural environments 
— even those that are seemingly inhospitable. 
The fourth area of risk research should 
focus on gene transfer. Microorganisms are 
known for their ability to exchange genetic 
material with other organisms or to take 
up free DNA from the 
environment. Under- 
standing this process is 
important for determin- 
ing whether synthetic 
organisms will pass on 


2 NATURE.COM 
US implementation 
of synthetic-biology 
policies is slow: 
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The ecological impact of these engineered E. coli, 
in which pink colonies signal to red, is unknown. 


properties such as antibiotic resistance, which 
could pose threats to human health. 
Risk-research programmes to cover these 
four areas will need to provide dedicated, 
long-term funding to obtain high-quality 
data, because some experiments can take 
years — for example, investigating rates of 
evolution and the persistence of synthetic 
organisms and their DNA in the environ- 
ment. Over time, experts can use these data 
to develop a model that looks at the 
potential impacts of synthetic 
biology from a lifecycle 
perspective’. 
Public agencies must 
link basic and environ- 
mental risk research 
by co-funding pro- 
jects and requiring 
grant recipients to 
work with envi- 
ronmental scien- 
tists from the start. 
Given the com- 
plexity of the research 
questions, the economic 
and social value of success- 
ful synthetic-biology 
applications and the 
potential impact of 
errors, we think that 
a minimal investment of $20 million to 
$30 million over 10 years is appropriate. 
Once released, synthetic organisms can- 
not be retrieved. It is imperative that fund- 
ing and research communities take action to 
prevent future ecological disasters. m 


Genya V. Dana, Todd Kuiken and 

David Rejeski are at the Woodrow 

Wilson International Center for Scholars, 
Washington DC 20004, USA. Allison A. 
Snow is at Ohio State University, Columbus, 
Ohio 43210, USA. 

e-mail: gvdana@gmail.com 
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Tax ‘societal ills’ to save the planet 


Funding is a major stumbling block for environmental initiatives, says Edward Barbier. 
Taxing financial transactions or trade in arms, tobacco and fuel might help. 


on Sustainable Development, ‘Rio+20° 

will aim to green the world economy 
and, at the same time, eradicate poverty. But 
progress at Rio+20 is likely to falter over a 
familiar stumbling block: financing. 

Negotiations at conferences such as these 
are often focused on setting targets for action 
or making financial commitments, without 
negotiating the mechanisms by which those 
funds will be raised. This has resulted in large 
gaps between intended actions and actual 
funds, on the order of hundreds of billions 
of dollars. 

Three revenue-raising mechanisms are 
often proposed: funds, global markets for 
carbon and ecosystem services, and revenues 
from global trade. The first two don’t seem 
to hold much promise for generating the 
hundreds of billions of dollars needed. For 
example, the Green Climate Fund, agreed at 
the 2010 Cancun climate talks, promises up 
to US$100 billion a year by 2020 to help devel- 
oping countries to adjust to global warming; 
yet present international commitments to all 
climate funding total less than $2.5 billion. 
Other funds face similar gaps. 

The only global market for ecosystem 
services yet in operation is the nascent 
United Nations (UN) programme for reduc- 
ing emissions from deforestation and forest 
degradation (REDD+). But the cost of reduc- 
ing emissions in this way is far greater than 
the amount that nations could earn through 
carbon markets to finance the action’. UN- 
REDD, a pilot initiative established by several 
UN agencies in 2008, has raised $118 mil- 
lion — not nearly enough to make up the 
shortfall’. As for carbon taxes and tradable 
emissions permits, politics, particularly in 
the United States, seems to have ruled out 
these options. 

The third option — tapping global trade, 
including financial transactions — seems 
far more appealing (see ‘Money makers’). 
There are several ways of doing this. 
An International Finance Facility (IFF) 
mobilizes resources from international 
capital markets by issuing long-term bonds 
that are repaid by donor countries over 
20-30 years. An IFF for immunization, 
launched in 2006, has so far raised $3.6 billion. 
Unlike other global 
financing mechanisms, 
an IFF can be started 
by just a few donor 
countries, and can be 
implemented through 
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MONEY MAKERS 


Possible funds from taxation and the financial sector vastly exceed 
present sources of money for sustainable development. 


Adaptation Fund {$12.6 million 
REDD+ deforestation fund4$118 million 

Green Climate Fund +4 $2.5 billion 
Millennium Development Goals assistance 
Global Environmental Facility 
Energy development assistance : 
Global arms-trade tax" $5 billion 
International Finance Facility 
Tobacco tax 
Global aviation-fuel tax 
Shipping-fuel tax 
1% of G20 sovereign-wealth funds 
Financial-transaction tax 
Currency-transaction tax (Tobin tax) 
Carbon tax 


existing aid institutions, such as the World 
Bank. However, the amounts raised are likely 
to be in the tens, rather than hundreds, of bil- 
lions of dollars. 

Alternatively, the UN Conference on 
Trade and Development has proposed that 
developing economies invest 1% of their 
sovereign-wealth funds in regional devel- 
opment banks. Allocating just 1% from the 
sovereign-wealth funds of G20 countries 
would raise at least $40 billion annually’ . 


CREATIVE TAXATION 

Levying taxes on those things that societies 
find unsalutary, from alcohol to gambling, is 
along-established practice. It makes sense to 
extend the taxation of ‘societal ills’ to activities 
that have madea select few so rich and caused 
so much of the recent financial havoc. 

A financial transaction tax (FTT) is one 
such possible funding source. A small FT'T 
collected on the sale of financial assets, such 
as stock, bonds or futures, would have a neg- 
ligible effect on trade, but could raise sub- 
stantial funds: a tax of 0.1% on equities and 
0.02% on bonds could bring in about $48 
billion from G20 member states’. 

A variant of the FTT is a currency-trans- 
action tax, or Tobin tax, named after James 
Tobin, the economist who proposed it in the 
1970s. Foreign-exchange transactions total 
around $800 trillion annually, which means 
that a Tobin tax of only 0.05% could raise $400 
billion a year’. 

Other taxes hold lucrative promise. A 10% 
tax on global arms exports, for example, could 
raise up to $5 billion annually’. Additional 
tobacco-sales taxes in G20 and other Euro- 
pean Union (EU) countries could generate 
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an extra $10.8 billion; global aviation-fuel 
taxes $27 billion; and shipping-fuel taxes 
$37 billion’. 

The problem with these taxes is that few 
nations are likely to want to participate: 
governments will face intense lobbying 
pressures and the risk of increased black-mar- 
ket activity. Nevertheless, the EU proposed an 
FTT at the G20 summit in Cannes, France, 
in November 2011 as a way to raise develop- 
ment funding for poorer countries. Although 
favourably received by many G20 countries, 
the proposal failed to secure full backing 
because of opposition from the United States, 
the United Kingdom and Canada, all of which 
worried about the FT'T’s added burden to 
their banks. Europe is still pushing for an FTTT. 

Despite such obstacles, these methods have 
the best chance of raising the money needed 
to make a sustainable planet. It is time that 
such creative funding mechanisms were 
discussed more seriously at meetings — such 
as Rio+20 — at which action is proposed. m 


Edward Barbier is in the department of 
economics and finance at the University of 
Wyoming, Laramie, Wyoming 82071, USA. 
His latest book is Capitalizing on Nature: 
Ecosystems as Natural Assets. 

e-mail: ebarbier@uwyo.edu 
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John von Neumann led US efforts to develop an early electronic computer, in parallel with similar projects in the United Kingdom. 


COMPUTER SCIENCE 


Digital dawn 


Thomas Misa ponders a history of computing that focuses 
firmly on John von Neumann and the ‘Princeton crowd’. 


usa personal history of computing’s early 

years. A science historian and son of phys- 
icist Freeman Dyson, he recounts a boyhood 
spent in 1950s Princeton, New Jersey, pok- 
ing around the forgotten detritus of an early 
digital computer in the Institute for Advanced 
Study (IAS). He gives us, too, the engaging tale 
of how Hungarian mathematician John von 
Neumann built a computer at the institute. 
But this is just one of the origin stories of the 
digital age. Perhaps, at the time, Princeton 
seemed to be the centre of the Universe. 

The IAS was founded in 1930 by Louis 
Bamberger, a department-store magnate who 
cashed out just before the Great Depression. 
Dyson relates how its first director, Abraham 
Flexner, decided to focus on mathematics 
and theoretical physics at a historic moment, 
when pre-eminent Europeans such as Kurt 
Godel, Albert Einstein and von Neumann 
were moving to the United States. Princeton 


[: Turing’s Cathedral, George Dyson gives 
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becamea clearing house for Jewish scientists, 
with IAS mathematicians and physicists 
housed in Princeton University’s Fine Hall 
for the first years of the IAS’s existence. 

To this intellectual crucible came Alan 
Turing, an English graduate student who had 
solved the ‘decision problem set out in 1928 
by David Hilbert, a mathematician at the 
University of Gottingen in Germany. In 1931, 
Gédel’s incompleteness theorems had ended 
Hilbert’s decades-long quest for a logically 
complete and consistent arithmetic, and by 
1936 Turing and Princeton University math- 
ematician Alonzo Church had independently 
proved that there were numbers that could 
be specified but never calculated. Church 
recognized Turing’s paper to be, remarkably, 


TURING AT 100 


A legacy that spans science: 
nature.com/turing 
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more general than his 
own, and invited the 
young man to study 
at Princeton for two 
years. In tackling the 
problem, Turing had 


created a hypothetical 
machine that could 
compute anything that 
could be computed. Turing’s Cathedral: 
This device, later The Origins of the 
waived dhe Tus Digital Universe 

: & GEORGE DYSON 
machine, became a__ pantheon/Allen 
central conceptual Lane: 2012. 432 pp. 
model for computing. $29.95/£25 


Turing’s 1936 paper 
On Computable Numbers was consulted so 
often that Princeton's copy fell apart. 

Although Dyson’s title anticipates the 
Turing centennial this June, the book revolves 
around von Neumann. Dyson says little about 
their direct interactions; von Neumann 
admired Turing’s work sufficiently to offer 
him a fellowship at Princeton in 1938, but 
Turing returned to England. Also left offstage 
is Turing’s wartime work on code-breaking 
and early computing, which brought him sub- 
stantial fame beyond mathematics. 

Instead, Turing’s Cathedral relates von 
Neumann's effort to build an early electronic 
digital computer. Dyson's account, based on 
the IAS archives and access to oral histories 
from von Neumann's family and many close 
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colleagues, is compelling. Much of the story 
is known, but Dyson devotes attention to 
the phenomenal physical task involved: get- 
ting thousands of vacuum tubes to behave 
and keeping cooling units from icing over, 
the responsibility of chief engineer Julian 
Bigelow. 

Dyson also emphasizes von Neumann's 
position in the top-secret US military 
research community, from the Manhattan 
Project onwards. He suggests that von Neu- 
mann’s work on meteorology “offered both a 
real problem and a perfect cover for the work 
on bombs”. Handwritten computer logs pin- 
point midnight runs of weather-forecasting 
and weapons-designing computer code. 

The military funded more than three- 
quarters of the IAS computer project. 
Alarmed by such traffic with the real world, 
IAS scholars relegated the computer engi- 
neers to the basement of the mathematics 
department, next to the men’s toilets. 

The heyday of the IAS machine was brief: 
from 1951, when it became operational, to 
1954, when von Neumann left for a board 
position with the US Atomic Energy Com- 
mission. He died three years later, aged 53. 

The book evokes vivid details of life in 
Princeton and the personalities of von Neu- 
mann and his colleagues, including Willis 
Ware, Gerald Estrin, Arthur Burks and Her- 
man Goldstine, who between them helped 
to create much of computer science. But the 
spotlight on von Neumann will infuriate 
many students of these complex years. 

Dyson overlooks the computing efforts 
across the Atlantic at the University of Man- 
chester, UK, where a ‘stored-program com- 
puter’ was in operation at least three years 
before the IAS machine; he also neglects the 
original programming at the University of 
Cambridge, UK. Genetic metaphors mislead 
when he describes a generation of comput- 
ersas clones of the IAS machine. And Dyson, 
who covered much of this terrain in his Dar- 
win Among the Machines (Basic Books, 1998), 
over-reaches in asserting that “the entire digi- 
tal universe ... came into existence in 1951... at 
the end of [Princeton’s] Olden Lane”. 

A balanced account could not ignore 
William Aspray’s John von Neumann and 
the Origins of Modern Computing (MIT 
Press, 1990), and would fully use Andrew 
Hodges’ insightful biography, Alan Turing: 
The Enigma (Burnett Books, 1983). Turing 
and Church’s early work on logic is docu- 
mented well in Charles Petzold’s compelling 
The Annotated Turing (Wiley, 2008). 

Read this book for its memorably told 
stories of the famous Princeton crowd. But 
beware its flights of fancy. = 


Thomas J. Misa is a historian and director 
of the Charles Babbage Institute, University 
of Minnesota, Minneapolis, Minnesota. 
e-mail: tmisa@umn.edu 


Books in brief 


The Righteous Mind: Why Good People are Divided by Politics and 

Religion 

Jonathan Haidt ALLEN LANE 448 pp. £20 (2012) 

Morality, above all else, is behind human success, says psychologist 

Jonathan Haidt. But why do individuals and societies disagree 

so violently about what morality is? The answer, he says, is that 

humans are tribal creatures, with minds designed for “groupish 

righteousness”. Haidt discusses how morals arise from intuitions, not 

reason, and how this leads to both nobility and hypocrisy. He argues 

/ that right-wing politicians have a built-in advantage when they appeal 

to those intuitions by invoking liberty, loyalty and sanctity. 


In the Wake of the Crisis: Leading Economists Reassess Economic 
Policy 

Edited by Olivier J. Blanchard, David Romer, A. Michael Spence and 
Joseph E. Stiglitz MIT PRESS 174 pp. £13.95 (2012) 

Why did the global economy melt down in 2008? And how can it be 
fixed? Here, 23 economists, including three Nobel prizewinners, seek 
the causes of the crash and the feeble recovery, and suggest policy 
responses. They focus on macroeconomic issues such as the control 
of inflation and financial-sector regulation. The hunt for an answer will 
take years, says Olivier Blanchard, chief economist at the International 
Monetary Fund, but it is clear that we are in a “brave new world”. 


To Forgive Design: Understanding Failure 

Henry Petroski BELKNAP PRESS 408 pp. $27.95 (2012) 

When a plane crashes or a bridge collapses, faulty engineering is 
the usual suspect. But in seeking the roots of failure, we should look 
beyond design, says engineer Henry Petroski. We must probe the 
political and economic imperatives that shape purposes and use. In 
this follow-up to his influential To Engineer is Human (Vintage, 1985), 
Petroski argues that accidents such as the Deepwater Horizon oil 
spill are the result of faults as much in “human machinery” as in 
mechanical devices. He praises software developers for learning from 
structural engineering about how to report and analyse mishaps. 


The Sensorium of God: A Novel 

Stuart Clark POLYGON 272 pp. £12.99 (2012) 

In 1679, astronomer Edmond Halley seeks out Isaac Newton to 
help him decipher planetary motion. But the great physicist has 
less lofty preoccupations: natural philosopher Robert Hooke is 
demanding recognition for ideas that Newton has passed off as his 
own. Stuart Clark’s novel, the second in a projected trilogy about the 
giants of physics and astronomy — the first, The Sky’s Dark Labyrinth 
(Polygon, 2011), starred Tycho Brahe and Johannes Kepler — sets 
collaborations and disputes in Britain’s Glorious Revolution of 1688. 
The supporting cast includes John Locke and Robert Boyle. 


American Genesis: The Evolution Controversies from Scopes to 
Creation Science 

Jeffrey P Moran OXFORD UNIVERSITY PRESS 216 pp. $29.95 (2012) 
When historian Jeffrey Moran began teaching in Kansas in 1998, he 
thought the 1925 Scopes ‘monkey trial’, in which a Tennessee teacher 
was prosecuted for teaching evolution, was a curiosity. Yet in 1999, 

his state’s education board removed evolution from its curriculum. 
Moran discusses how US anti-evolutionism has persisted. Attitudes 
towards evolution touch on every point of social friction, he says, 
including gender, race and the North-South divide. 
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ARCHAEOLOGY 


Golden boy 


Jo Marchant uncovers a mixed hoard in a history of 
Tutankhamun and the discovery of his tomb. 


rchaeological finds don’t come 
A= more impressive than the 

contents of Tutankhamun’s tomb. 
When Howard Carter glimpsed those 
“wonderful things” in 1922, his discovery 
captivated the world — inspiring everything 
from jewellery and music to a proposal to 
name an extension to the London Under- 
ground Tootancamden, because it would 
pass through Tooting and Camden Town. 
Tutmania resurfaced in the 1970s, when a 
record-breaking touring exhibition of the 
burial goods radically changed the museum 
business. 

Joyce Tyldesley’s Tutankhamen rides a 
more recent wave of interest, including two 
major scientific studies of Tutankhamun’s 
mummy, a new museum tour anda string 
of high-profile documentaries. Tyldesley, 
an Egyptologist, has written not a biogra- 
phy of the boy king, but a broad history of 


the discovery. 

Tyldesley divides “Tytankhamun’s 
her book into two youthful demise 
sections. The first, set the scene 
and meatiest, is for endless 
concerned with speculation 
what we know of and conspiracy 


the king himself 
— including the 
research on his 
remains. The second section addresses the 
cultural construct that has sprung up around 
him since the discovery, from archaeological 
conspiracies to the infamous curse. 
Today, Tutankhamun is ancient Egypt’s 
best-known ruler, his golden funerary 
mask recognized around the world. But 
in his lifetime, Tyldesley tells us, he was a 


theories.” 


X minor king who came to the throne 


as a child and ruled for a decade 

» at most, dying at around the 

age of 18. The only phar- 

aoh’s tomb ever discovered 

nearly intact (although it was 

robbed twice in antiquity), his 

resting place yielded a breathtaking 5,398 

objects, from golden thrones and chariots 
to a lock of his grandmother's hair. 

But Tutankhamun’s fame rests on more 
than that otherworldly cornucopia. He 
belongs to the romanticized Amarna 
period, which began when his predecessor, 


Tutankhamun’s burial mask has become an icon. 
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Akhenaten, threw out 
Egypt’s traditional 
religion to worship 
only Aten, the Sun 
disc. And Tutankha- 
mun’s youthful demise 
set the scene for end- 
less speculation and 


conspiracy theories. 

Tyldesley’s account Tutankhamen: 
of Carter’s momen- The Search for an 
tous find and the syptian King 
clearance of the tomb 9 /0YCE TYLOESLEY 
: . ‘ Basic Books/Profile: 
is brought to life with 2012. 336 pp. 
contemporary quotes 99.99/£18.99 
and colourful details. 


She tells how, shortly after the discovery, 
Carter bought almost 6 kilometres of cot- 
ton wool and several thousand light bulbs 
in Luxor, then converted burial chambers 
near Tutankhamun’s into a photographic 
darkroom, laboratory and “luncheon tomb”. 

The story continues with the unwrapping 
and autopsy of Tutankhamun’s mummy, 
and the scientific analyses done on it since. 
The findings of the original autopsy are 
described — from the king’s penis (5 centi- 
metres long, bound in the erect position) to 
a large scab on his left cheek. But Tyldesley’s 
treatment of more recent analyses is disap- 
pointing. Scans in 2005 suggested that the 
boy king had a broken leg, and DNA tests in 
2010 provided evidence that he was inbred, 
and died of malaria. These studies are the 
subject of intense debate among experts 
and are the only new scientific material in 
the book, yet they are skipped over in a few 
cursory paragraphs. 

Instead, there is a lengthy discussion of the 
Egyptological evidence for Tutankhamun’s 
family relationships, with tomb paintings 
and graffiti suggesting an exhausting eight 
candidates for the pharaoh’s mother. The 
rather unsatisfying conclusion seems to 
be that we can’t say much more about Tut- 
ankhamun’s life than Carter could in the 
1920s. 

We still don’t know who his parents were, 
although skull shapes and blood groups sug- 
gest that he was closely related to a mummy 
found in a nearby tomb — who may or may 
not be Akhenaten. Nor do we know how he 
died. Tyldesley includes a brief suggested 
biography anyway, plumping for the fairly 
safe choices of Akhenaten and a prominent 
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wife called Kiya as Tutankhamun’s parents. 

After hundreds of books on this subject, 
the promise on the cover that Tyldesley is 
“shedding new light” on the boy king was 
always going to be hard to keep. But she 
is such a gifted storyteller that perhaps it 
doesn't matter. Her writing is crystal-clear 
and charmingly irreverent — she describes 
Akhenaten’ revolutionary reign as “17 years 
of royal navelgazing” — and she shares inti- 
mate anecdotes, such as how Carter and his 
patron, Lord Carnarvon, broke into the bur- 
ial chamber ahead of the official opening, 
covering up their entry point with a basket 
lid. She puts what little we know about Tut- 
ankhamun into context, giving a fascinating 
discussion of the discovery’s social history. 

So how does Tyldesley think Tutankha- 
mun died? She dismisses murder, and spec- 
ulates that the teenager died in a hunting 
accident. She assigns particular significance 
to one of his most iconic possessions: the 
remains of an “ostrich-feather fan” inscribed 
with hunting scenes. Perhaps the king met 
his end in pursuit of these notoriously dan- 
gerous birds. 

It is a nice idea, except that the fan may 
have nothing to do with ostriches. Tyldesley 
doesn’t mention that in 1978, two US biolo- 
gists who attended the touring exhibition 
realized that several animal-related objects 
from the tomb had been misdescribed by 
Egyptologists. From the feathers and hunt- 
ing scenes on the fan, they concluded that 
Tutankhamun was actually chasing the 
smaller, and less deadly, Arabian bustard. 

And there is the problem — and perhaps 
the eternal fascination — with this enig- 
matic king. The harder we look for answers, 
the deeper the mystery gets. m SEE COMMENT P.27 


Jo Marchant is a freelance writer based 
in London. Her forthcoming book is on 
Tutankhamun’ mummy. 

e-mail: jomarchant26@yahoo.co.uk 


Hunting scenes on 
the king’s fan offer 
clues to his death. 
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Darkness made visible 


Daniel Cressey reflects on a play that uses astronomy 
and medicine to probe what it means to see. 


K theatre company Sound&Fury 
| takes a lab-like approach to its art. 
Fascinated by the effects of sensory 
immersion on audiences, it explores mental 
and physical frontiers — confined spaces in 
its nuclear-submarine drama Kursk, or the 
effects of anaesthetic on consciousness in 
Ether Frolics. Total or partial darkness has 
featured in several of the company’s produc- 
tions, including its latest offering, the com- 
pelling one-man play Going Dark. 

Sound&Fury’s previous dark dramas 
have taken audiences from the battlefields 
of ancient Troy (War Music) to a whalers’ 
lifeboat drifting around an unforgiving 
Pacific (The Watery Part of the World). In 
Going Dark — which completes a UK tour 
this month at London’s Young Vic theatre — 
blindness, hallucinations and astronomy are 
used to illuminating effect. 

Audience members find themselves peer- 
ing into a planetarium. Under a projection 
of the Milky Way and often in darkness, this 
is an exploration of sight through vastly dif- 
ferent lenses: the human eye, and the giant 
telescope arrays through which astrono- 
mers access the Universe. 

The planetarium’s science communicator, 
Max (played by John Mackay), is diagnosed 
early on with retinitis pigmentosa, an eye 
condition that can lead to blindness and hal- 
lucinations. He gradually becomes unable 
to see his own son — or the constellations, 
real or recreated, that are the focus of his life. 

There is a scientific edge to the play. 
Hattie Naylor’s script bristles with astro- 
nomical facts, and Dominic ffytche of the 
King’s College London Institute of Psy- 
chiatry advised on Max’s hallucinations. 
Co-director Tom Espiner developed a lay 
grasp of astronomy as a resident artist in 
the physics and astronomy departments at 
the University of Birmingham, UK, in 2007. 

Max’s creeping blindness is partly a com- 
mentary ona long-standing nemesis of star- 
gazers, says Espiner: “We suffer from a kind 
of cultural myopia created by the 24-hour 
light pollution that hides the stars.” 

It is not just an inability to see, but 

the very nature of 
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In Going Dark, John Mackay is a planetarium 
employee who loses his sight. 


see the Universe,” says Espiner. “Seeing is 
indirect, processed and interpreted by the 
brain before sight happens. Astronomical 
observation relies on huge instruments pro- 
cessing spectra of light far outside our per- 
ception into information we can process.” 

There are more teasers in the play’s 
mining of metaphor. Max’s bizarre hallu- 
cinations range from geometric shapes to 
human figures: the result of Charles Bonnet 
syndrome, a side effect of his medical condi- 
tion. The audience experiences a taste of this 
when Max, looking into a mirror, sees his 
face horribly distorted — a vision that the 
audience shares, thanks to a tiny projector 
embedded in the set. 

After the claustrophobia of Kursk, Going 
Dark moves the struggle to inner space — 
an environment no less extreme. All told, 
this is a play that asks profound questions 
about humanity’s anchor points in reality, 
says Espiner. 

“What we thought we knew about 
the Universe changed after Galileo, and 
changed again with Hubble: the shape, size, 
levels of reality all shifted, he says. “As he 
loses his sight, Max has to negotiate a new 
universe: and we give the audience a sense 
of what that might be like.” m 


Daniel Cressey is a reporter at Nature. 
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Informed consent: 
cultural differences 


Efforts to improve informed- 
consent forms for clinical trials 
should not overlook difficulties 
faced by patients in non-Western 
settings (Nature 482, 16; 2012). 

Institutions in developed 
countries are expanding clinical 
trials in Africa and Asia, and 
most focus on the signing of 
the consent form rather than 
on the exchange of information 
between researchers and 
potential participants. 

Information should be 
culturally adjusted, taking 
local factors into account. 
These might include degrees of 
illiteracy, native dialects of ethnic 
minorities, a lack of suitable 
vocabulary, a preference for 
communal decision-making, 
and stigmatization by local 
authorities if people do not sign. 

Alternative ways of obtaining 
consent could be used more 
often, including witnessing oral 
consent, verifying the quality of 
information for participants, or 
using videos to present the study 
and record consent. 

Revising consent forms could 
help to reassess the concept of 
globalized bioethics, preventing 
controversial practices such as 
those used in researching the 
genetics of the Havasupai tribe 
(J. Couzin-Frankel Science 328, 
558; 2010). 

Gilles Guerrier, Didier Sicard, 
Paul T. Brey Institut Pasteur du 
Laos, Vientiane, Laos. 
guerriergilles@gmail.com 


Informed consent: 
meet patients’ needs 


We agree that informed-consent 
forms should be improved 
(Nature 482, 16; 2012) beyond 
shortening and simplifying 
them. Participants need to know 
whether a trial is addressing an 
unmet clinical need, and that the 
test is necessary to answer a key 
question. 

For example, a‘me-too’ 
drug that seeks marketing 


authorization by comparison 
against a placebo, rather than 
against alternative products, will 
not solve a patient’s unmet need. 
Neither is it in participants’ best 
interests for a trial to establish 
the acceptability of a drug with 
inferior efficacy that provides no 
other advantage. If the informed- 
consent form were to explain 
these points, it is likely that far 
fewer patients would agree to 
participate. 

Patients also need to 
understand why randomization 
is the only scientific and ethical 
way to provide meaningful 
results when a trial’s outcome 
is unpredictable. Any other 
strategy, such as giving or 
withholding an untested drug, 
would be arbitrary and would 
not clarify the uncertainty. 

Details of the therapeutic 
rationale, and of the 
pharmacological and 
toxicological properties of the 
experimental intervention, 
should be provided to trial 
participants on request. 

Informed consent should 
reassure patients that trials aim 
to help them, and will allow onto 
the market only products that do 
so, rather than products that just 
meet commercial expectations. 
There is a long way to go in 
cleaning up clinical trials before 
the trust of patients is regained. 
Silvio Garattini, Vittorio 
Bertele} Rita Banzi Mario Negri 
Institute for Pharmacological 
Research, Milan, Italy. 
vittorio.bertele@marionegri.it 


Citations: not all 
measures are equal 


The scientific community needs 
to be aware of the limitations of 
Google Scholar's personalized 
citation reports. Clicking on ‘My 
citations’ on the site may offer a 
nice ego boost, but I would not 
recommend using the reports for 
decisions that could affect careers. 
Google Scholar overestimates 
the number of citable articles (in 
comparison with formal citation 
services such as Scopus and 
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Thomson Reuters) because of the 
automated way it collects data, 
including ‘grey’ literature such as 
theses. For my own publications, 
for example, Google Scholar 
yields 38% more citations and 
boosts the h-index by 26%. 

A citation report for one 
of my articles revealed that 
Google Scholar had counted as 
independent citations four web 
pages on which authors had 
posted copies of their articles, plus 
one listing only an article title; 
and one to a paper in which my 
name didn't appear. Personalized 
searches by my colleagues 
exposed comparable errors. 

These drawbacks might also 
allow unscrupulous individuals 
to use such tactics to inflate their 
citation reports, particularly as 
independent vetting is blocked by 
password access. 
Scott L. Hooper Ohio University, 
Athens, USA. hooper@ohio.edu 


Citations: results 
differ by database 


Databases such as Thomson 
Reuters’ ISI Web of Science, 
Scopus, Google Scholar and 
Microsoft’s Academic Search 
allow authors to compute their 
own citation statistics, but they 
yield inconsistent results. 

The discrepancies come 
from differences in information 
sources and in temporal citation 
coverage. Web of Science and 
Scopus, for example, provide 
citation data only for their 
indexed journals, giving different 
coverage for the number of 
journals, precursor articles and 
fields of academic research — 
often with regional biases (such 
as European versus US sources). 
Google Scholar includes all 
journals (indexed, free access 
and popular science), conference 
proceedings, books, theses, 
reports, local press and electronic 
sources — all subject to variable 
degrees of control and scrutiny. 

A debate is crucial on how 
these tracking tools compare 
and should be used, given that 
their indiscriminate usage has 
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potentially negative implications 
for academic careers. 

Carles Alcaraz, Sofia Morais 
Institute of Agrifood Research and 
Technology (IRTA), Sant Carles 
de la Rapita, Spain. 
carles.alcaraz@gmail.com 


Track illegal trade 

in wildlife 

Illegal wildlife trade is the second- 
largest black market worldwide, 
after narcotics. More effective 
strategies must be devised to 
intercept the first links of the 
wildlife-trade chain and beyond. 

A lack of resources in tropical 
countries often undermines 
existing legal frameworks for 
preventing wildlife trading. 
Local governments pay scant 
attention to the trade because it 
is not perceived as a major threat 
to biodiversity or to human 
well-being. A large volume of 
wildlife trade is international — 
increasing the risk of biological 
invasions and of spreading 
zoonotic diseases. 

National environmental 
agencies should collaborate to 
centralize the collection and 
organization of local data to 
feed into international wildlife- 
trade databases such as the 
Convention on International 
Trade in Endangered Species of 
Wild Fauna and Flora (CITES). 
This would help to identify the 
species that are most threatened 
by trade, determine major 
harvesting sites and routes, and 
locate sources of demand and 
supply — as well as revealing 
the extent of enforcement and of 
currently unreported shipments. 
Governments from developing 
and developed nations could 
then weigh in with policy 
improvements. 

Luis Felipe Toledo State 
University of Campinas, Sado 
Paulo, Brazil. 
toledolf2@yahoo.com 

Marianne V. Asmiissen, Jon 
Paul Rodriguez Venezuelan 
Institute for Scientific Research 
(IVIC), Venezuela; and EcoHealth 
Alliance, New York, USA. 
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In search of biosignatures 


An analysis of the intensity and polarization of sunlight reflected by Earth reveals signatures of life on our planet. 
What prospects are there for using similar measurements to find life on planets outside the Solar System? Planetary 
scientists offer some answers. SEE LETTER P.64 


THE PAPER IN BRIEF 

@ Ground-based spectropolarimetry 
can provide better knowledge of the 
atmospheres and surfaces of planets 
than can conventional spectroscopy. 

@ Sterzik et al. (page 64) apply the 
method to Earthshine — sunlight 
reflected by Earth as seen by the Moon, 


A long way off 
CHRISTOPH U. KELLER 


So and colleagues’ used the highly 
sensitive 8.2-metre-diameter Very Large 
Telescope in Chile to detect life on Earth. 
This may sound like killing a mosquito with a 
cannon, but it is really a breakthrough: it is the 
first time that terrestrial life has been detected 
using a method that can, in principle, also be 
used to find life on planets outside our Solar 
System. But we are still far from detecting life 
on exoplanets remotely. 

By applying spectropolarimetry to Earth- 
shine, Sterzik et al. were able to determine the 


and then reflected back to Earth. 

@ The authors’ analysis reveals the 
contribution to Earthshine of clouds, 
oceans and even vegetation on Earth’s 
surface. 

@ The technique might therefore now 
be used to detect vegetation and other 
signatures of life on extrasolar planets. 


fraction of clouds, oceans and even vegeta- 
tion on the sunlit part of Earth as seen from 
the Moon. Spectropolarimetry is a technique 
that provides not only the intensity spectrum 
ofa light source (spectroscopy), but also the 
polarization state of the light (polarimetry). 
In this case, the authors measured the linear 
polarization content of Earthshine — that is, 
the degree to which its electric field vibrates in 
a fixed plane. By comparing the observed sig- 
nal with models of the polarization signal that 
had different fractions of clouds, oceans and 
vegetation, the authors could select the model 
that best matched the observations. 
Linear-polarization measurements of star- 
light reflected by exoplanets will soon become 
acommon tool for characterizing other worlds. 


Figure 1 | Saturn’s polarization. a, Conventional image of Saturn. The planets’ rings are visible as a dark 
band because the rings were almost edge-on at the time of the observations. b, ¢, Linear-polarization 
images of the planet for two polarization orientations. Black and white indicate negative and positive 
polarization signals; grey corresponds to no polarization signal. Two features stand out in the polarization 
measurements: the polar regions and a band under the rings. The polar regions are known to have 
different atmospheric properties from the rest of the planet, but the band under the rings has so far 
eluded explanation. Sterzik and colleagues’ similar analysis' of linearly polarized light from Earth 
revealed signatures of life on our planet. (Images were obtained with the Extreme Polarimeter at the 
4,2-metre-diameter William Herschel Telescope on La Palma, Canary Islands.) 
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Both the European SPHERE instrument at 
the Very Large Telescope’ and the US Gemini 
Planet Imager’ will provide linear-polariza- 
tion observations that can extract polarized 
exoplanet light from the much brighter, but 
unpolarized, starlight. Although these instru- 
ments will detect only large gas planets similar 
to Jupiter and Saturn (Fig. 1), the polarization 
signal will contain vital information about 
their atmospheres. 

The European Extremely Large Telescope 
— which, in about 10 years’ time, will collect 
23 times as much light as the Very Large Tele- 
scope — will be able to detect rocky planets 
possessing liquid water and atmospheres that 
may allow life to exist. But this huge telescope 
will probably be unable to obtain the spectro- 
polarimetric measurements of rocky planets 
that Sterzik and colleagues have obtained for 
Earth. This is not because the telescope is too 
small, but because Earth’s atmosphere makes 
it difficult to see a faint planet close to an 
extremely bright star. To obtain these meas- 
urements, a sophisticated space telescope such 
as the planned New Worlds Mission’ is needed. 

In the meantime, we must also measure the 
degree of circular polarization of light from 
planets. Light is circularly polarized when its 
electric field describes a corkscrew motion 
about its direction of propagation. It is well 
known that molecules produced by living 
organisms show only one form of handedness 
(homochirality). When unpolarized light is 
reflected by biological materials, homochiral- 
ity imprints a small amount of circular polari- 
zation on the reflected light. For example, 
chlorophyll produces a particular spectrum 
in the degree of circular polarization’. Circu- 
larly polarized spectra are therefore an even 
better tool than linearly polarized spectra 
for remotely detecting extraterrestrial life — 
assuming that it also favours homochirality. 

Sterzik and colleagues’ used a large, ground- 
based telescope to obtain indirect polarization 
spectra of Earth on two days. Such observa- 
tions cannot be obtained continuously, as these 
large telescopes are heavily oversubscribed. 
Successful Earthshine observations also 
require specific positions of the Moon and 
Sun. It is therefore difficult to obtain much 


better measurements from the ground than 
those achieved by the authors. However, all of 
these problems could be avoided by building a 
small telescope on the Moon that directly and 
accurately monitors Earth’s linear and circular 
polarization spectrum at all times. By learning 
how to extract biosignatures, including those 
of seasons and different types of vegetation, 
from such measurements, we would be much 
better prepared to understand future polari- 
zation measurements of exoplanets that may 
harbour life. 


Christoph U. Keller is at the Leiden 
Observatory, Leiden University, NL-2300 RA 
Leiden, the Netherlands. 

e-mail: keller@strw.leidenuniv.nl 


Benchmark data 


Imost 40 years ago, using ground-based 
polarimetry and a numerical code, 
researchers® found that Venus’s bright cloud 
layer consists of tiny droplets of sulphuric 
acid. This result convincingly demonstrated 
the strengths of polarimetry of reflected 
sunlight for characterizing planetary atmos- 
pheres. Sterzik and colleagues’ now show that 
spectropolarimetry of Earthshine provides a 
benchmark for studying Earth-like exoplanets. 
Today, numerical codes similar to the one 
used to study Venus’s atmosphere’ calculate 
polarization spectra of various types of exo- 
planet. These spectra are used to optimize 
the design and observational strategy of 
instruments on future telescopes with a view 
to studying exoplanets. To ensure that the 
codes are predicting realistic spectra, given 
a model planetary atmosphere, they must be 
tested against real measurements of planets 
that have well-known atmospheric compo- 
sitions and structures, such as Solar System 
planets. 

But validating exoplanet codes against 
polarization measurements of Solar System 
planets is far from trivial, because the polariza- 
tion signal of a planet depends strongly on how 
the Sun illuminates the planet. From Earth, we 
can observe the outer planets — Mars through 
to Neptune — only at times when their Earth- 
facing hemisphere is almost fully illuminated 
by the Sun (as with a full Moon). And at this 
geometry, their polarization signal is, unfortu- 
nately, almost zero. Only Venus and Mercury 
(and the Moon) can be observed from Earth 
at gibbous (more than half but less than full), 
quarter or crescent phases, when their polari- 
zation signal can be strong. Because exoplan- 
ets orbit other stars, they can be observed at 
phases that are favourable for polarimetry. 

For exoplanets with Earth-like atmospheres 
and surfaces, codes can be tested against 


polarization spectra of Earth’s sky, as measured 
from the ground, and against polarization meas- 
urements from the Earth-observing satellite 
instrument POLDER. Such local observations 
cannot, however, capture the rich variation in 
aerosol and cloud particles, cloud coverage and 
types of surface that make up a whole-Earth 
observation, which would be representative of 
an Earth-like exoplanet observation. Might fea- 
tures such as polarized rainbows, which should 
be typical signs of liquid-water clouds’, and the 
polarized glint*® of sunlight on a water surface, 
be extracted from a planet's spectropolarimetric 
signal? Or will the mixture of oceans, continents 
and clouds dilute them beyond detection? 
Sterzik and colleagues’ spectropolarimetric 
measurements of Earthshine'’ offer an oppor- 
tunity to test numerical codes for Earth-like 
exoplanets. The authors compare their meas- 
urements against calculated spectra’. Although 
the agreement in spectral features is good, 
there is a significant difference between the 
slopes of the observed and calculated spectra, 
especially at the redder wavelengths, where the 
planetary surface and clouds contribute more 
strongly to the polarization. The difference in 
slope is not unexpected, because the available 
calculated spectra’ represent a limited sample 
of surface types (vegetation and ocean) and 
include only one cloud type. In addition, the 
patchiness of the surface and clouds is not 
taken into account in the numerical code. 
Improved spectral calculations should at 
least include the polarized reflection by the 
Sahara Desert and the scattering of sunlight 
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by ice clouds. Indeed, the differences between 
the measured and best-fit calculated spectra 
emphasize the sensitivity of spectropolari- 
metry to atmospheric and surface properties, 
and hence the value of spectropolarimetry for 
(exo)planet characterization. 

Future spectropolarimetry of Earthshine 
can reveal whether Earth's oceans flash glints 
when skies are clear. To confirm the presence 
of rainbows in Earth’s polarization signal, 
Earthshine should be measured across a 
narrow range of phase angles as seen from the 
Moon, a difficult feat. Such measurements 
could be obtained by a spectropolarimeter 
located on the Moon that would catch the 
Earthshine directly. In this way, the detrimen- 
tal and rather unknown contribution of the 
lunar reflection to the Earthshine signal would 
also be eliminated. = 


Daphne M. Stam is at SRON Netherlands 
Institute for Space Research, Sorbonnelaan 2, 
3584 CA Utrecht, the Netherlands. 

e-mail: d.m.stam@sron.nl 
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9 ON D TAWN 


Carrot or stick? 


Rewards and punishments can cajole people into cooperating, but they are 
costly to implement. A theoretical study finds that, when participation in group 
activities is optional, punishing uncooperative behaviour is the cheaper method. 


SIMON GACHTER 


he philosopher John Locke once wrote’, 

“Good and evil, reward and punish- 

ment, are the only motives to a rational 
creature”. Although Locke was referring pri- 
marily to the discipline of children, reward 
and punishment are motivational forces for 
behaviour across many domains of social 
life. Understanding the consequences of 
such carrots and sticks’ is a core topic in the 
behavioural sciences, particularly in studies 
of cooperation” *— behaviour that benefits 
others or the group at a cost to the cooperating 
individual. Many problems in modern human 
societies, from interactions in the workplace to 
tackling climate change, require genetically 
unrelated individuals to cooperate in situations 
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in which collective welfare is jeopardized by 
individual self-interest. So how do rewards and 
punishments curb selfishness and help to main- 
tain social order? A paper by Sasaki et al.’ in 
Proceedings of the National Academy of Sciences 
helps to answer these questions. 

Theoretical and experimental research on 
the evolution of cooperation has concentrated 
on punishment, with relatively few studies 
investigating reward”"*"”. Furthermore, most 
studies have focused on ‘peer punishment, 
in which defectors are punished by group 
members*”*!"""*, However, the findings of 
peer-punishment studies may not be broadly 
applicable to modern human societies, which 
have developed formal sanctioning systems, 
whereby rewards and punishments are carried 
out by rule-bound institutions rather than by 
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individuals (Fig. 1). Sasaki et al. 
address this with a theoretical 
assessment of how institution- 
alized reward and punishment 
systems regulate cooperative 
behaviour, and at what relative 
cost. 

The authors used evolutionary 
game theory for their analysis — 
a theoretical framework in which 
strategic behaviours can be ana- 
lysed in the context of evolutionary 
selection pressure. Their analysis 
used the ‘public goods game; in 
which people can either cooperate 
or defect, and in which cooperation 
is collectively beneficial, but defec- 
tion is better for self-interest. Peo- 
ple learn by observing others and 
they emulate successful individu- 
als, so strategies that yield greater 
pay-offs proliferate. The model in 
this study compares one institu- 
tion that rewards cooperators and 
another that punishes defectors. 
The authors studied reward and 
punishment under two conditions: in one, 
all individuals were forced to take part; in the 
other, participation was voluntary. 

Sasaki and colleagues found that during 
compulsory participation the two incen- 
tives (punishment or reward) lead to the 
same outcomes if they are very small or very 
large. It seems that if either of the incentives 
is too small, cooperation cannot be achieved 
because a population of cooperators can be 
invaded by defectors. If they are large enough, 
both types of incentive can lead to a popula- 
tion of cooperators. However, differences arise 
when the incentives are of only intermediate 
value. Punishments of intermediate severity 
produce stable populations of either defectors 
or cooperators, whereas rewards of inter- 
mediate value lead to stable mixed populations 
in which only partial cooperation is achieved. 

The authors then changed the rules of the 
game to allow individuals to opt out, which 
causes the outcomes to change remarkably. 
The game now considers three strategies: 
non-participation, defection and cooperation. 
In this game, very small incentives lead to an 
unstable pattern of non-participation with 
bursts of cooperation. When the incentives 
are very large, a stable uniform population of 
cooperators emerges — as it did during forced 
participation. The most remarkable outcome 
of the study occurs when intermediate incen- 
tives are offered and participation is voluntary. 
In this situation, slightly increasing the sever- 
ity of the punishment above a very low level 
results in stable populations of cooperators. 
By contrast, rewards of at least medium size 
are needed to cause a shift in the population 
from a majority who opt out of participation 
to a stable mixture of cooperators and defec- 
tors. When participation is voluntary, only 
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Figure 1 | Punishment comes cheap. In modern societies, rule-bound 
institutions, such as the legal and education systems, use punishments 
and rewards to encourage cooperative behaviour. Sasaki and colleagues’ 
theoretical analysis9 shows that, when individuals can choose whether or 
not to participate, punishment is the less costly method. 


very large rewards could generate a stable and 
uniform population of cooperators. 

This noteworthy theoretical finding has 
practical implications. Sasaki and colleagues’ 
model can be used to calculate the size of the 
incentive needed to achieve a stable level of 
cooperation, although such calculations will 
be difficult to apply in reality. However, the 
authors’ analysis does raise several issues that 
are relevant for understanding modern human 
societies. First, they show that voluntary par- 
ticipation crucially influences the relative cost 
of reward and punishment. But in modern 
societies, people can hardly opt out of the law. 
This might suggest that the results of games 
played with enforced participation are more 
applicable. Second, real-life institutions do not 
work perfectly; for example, punishment or 
reward may not be correctly implemented. It 
remains unclear how these imperfectly applied 
incentives might affect cooperation. Third, 
law enforcement in reality typically relies on 
punishment rather than reward. This study 
may have identified a reason why punishment 
has become the default in societies — because 
punishment is a cheaper and more reliable way 
of inducing cooperation than is reward. 

Other studies of human behaviour have also 
found that cooperation is strongly influenced 
by changes in the size of the incentive’’. In 
experimental studies, reward and punishment 
induce similar levels of cooperation when 
the incentive is very large'"”. The threat of a 
strong punishment can achieve cooperation 
at a very low cost™. For an intermediate level 
of incentive, punishment can induce greater 
cooperation than reward”, but not consistently 
so’°. Finally, cooperation breaks down rapidly 
if both forms of incentive are removed". 

Although these studies were conducted in 


© 2012 Macmillan Publishers Limited. All rights reserved 


settings of forced participation 
and peer punishment (or reward), 
their findings are encouragingly 
similar to Sasaki and colleagues’ 
theoretical analysis’. These simi- 
larities suggest that experimental 
analyses conducted in a manner 
closer to the framework presented 
by Sasaki et al. — institutional 
delivery of incentives and assess- 
ment of voluntary participation 
— might further enhance our 
understanding of how reward and 
punishment maintain social order. 

The political scientist Mancur 
Olson recognized the impor- 
tance of reward and punishment 
for cooperation when he argued 
in his seminal 1965 study” that 
“the recalcitrant individual can 
be ostracized, and the coopera- 
tive individual can be invited into 
the center of the charmed circle” 
But Olson, Locke and other early 
scholars who wrote about reward 
and punishment in human social 
affairs relied on casual observation and intro- 
spection. Collectively, Sasaki and colleagues’ 
study, the related experimental analyses and 
the potential investigations that arise from 
them are an example of how researchers today 
are much better equipped to combine rigor- 
ous theoretical and experimental analyses to 
understand sticks and carrots'®. And this is a 
rewarding situation indeed. m 
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In the shade of 
the oldest forest 


The uncovering of a large soil surface preserved under sediment for 390 million 
years has exposed plant remains which show that the world’s earliest forests 
were much more complex than previously thought. SEE LETTER P.78 


BRIGITTE MEYER-BERTHAUD 
& ANNE-LAURE DECOMBEIX 


r Vhink for a minute about ‘early’ life on 
land. Complexity is probably not the 
first thought that springs to mind. Bot- 

anists also tended to consider the earliest for- 
ests to be simple entities composed of a single 
type of tree. But on page 78 of this issue, Stein 
et al.’ challenge this view with the description 
of uncovered plant remains from the ancient 
forest of Gilboa in New York state. They iden- 
tify three distinct plant types (or compo- 
nents) in this Middle Devonian ecosystem, 
which dates to around 390 million years 
ago, and thereby re-evaluate the ecology 
of this early environment. 

The Gilboa forest is iconic. The discov- 
ery’ of this “oldest fossil forest” was made 
in the 1920s at the Riverside Quarry site 
in Gilboa and other nearby sites, where 
spectacular sandstone casts formed by the 
fossilization of stumps of Eospermatopteris 
— the earliest known trees — were found. 
Stein et al.” had previously discovered spec- 
imens representing the trunk and crown 
of these trees, and assigned the Eosper- 
matopteris genus to the Cladoxylopsida, 
an extinct class of plants related to ferns. 
The trees had a slender trunk six metres or 
more in height that bore a crown of leaf- 
less and short-lived branches. These were 
continuously renewed as the plant grew. 
Eospermatopteris trees were assumed to 
be the only trees of the Gilboa forest. 

But when access to the forest’s fossils 
increased after the removal of backfill 
from the Riverside Quarry site in 2010, 
researchers discovered a 1,200-square- 
metre palaeosol surface — one that had 
been preserved under sediment. Because 
most of the plant fossils in this surface 
were found still located where they had 
grown, Stein et al.' were able to define 
plant types and reconstruct structural 
features of the forest. 

The authors identified three large-plant 
components with apparent differences in 
growth habit, abundance and phylogenetic 
relationships (Fig. 1). These components 
were the previously identified clad- 
oxylopsid tree Eospermatopteris; a large 


rhizomatous plant (one with underground 
stems growing horizontally*) belonging to 
the extinct aneurophytalean progymno- 
sperms; anda tree with bark similar to that of 
the lycopsid trees that inhabited coal swamps 
about 310 million years ago, but for which 
the authors found too few and fragmentary 
remains for proper reconstruction. 

The discovery that the Gilboa forest did 
not consist solely of cladoxylopsid trees is 
remarkable. Palaeoecological studies of other 
Devonian-period sites describe early vegetated 


Figure 1 | Plant complexity in ancient forests. Plant 
remains of the Gilboa forest date from the Middle Devonian 
period, approximately 390 million years ago. Stein et al.’ 
identify three large components of the forest that are 
affiliated with separate groups of plants. The two best- 
preserved components are the Eospermatopteris trees (taller 
aboveground trees), which are related to the ferns, and the 
rhizomatous aneurophytalean progymnosperms, which 
grew underground and sprouted aboveground. The 
morphology of the base and the crown of plants of the third 
component (depicted as the smaller trees), which seem to be 
lycopsid-like trees, are unknown. 
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terrestrial landscapes partitioned into a ‘two- 
dimensional suite of patches growing side by 
side, each composed of closely related plants 
with similar morphologies and life traits, and 
adapted to the same environmental condi- 
tions”®. This structure of Devonian landscapes 
has almost become a dogma in palaeobotany, 
but Stein and colleagues’ report’ provides the 
first direct evidence that some early forests 
contained widely divergent groups of plants. 
Furthermore, the differences in the growth 
patterns of the plants adds a third spatial 
dimension to the forest ecosystem structure: 
below the Gilboa trees was an understorey of 
progymnosperm plants with underground, 
horizontally growing stems and aerial axes. 

The combination of a large exposed surface 
area and in situ plant remains at the Riverside 
Quarry provided sufficient fossil evidence to 
identify the vertical structures of the Gilboa 
forest. Such conditions are so rarely met that 
Stein and colleagues’ findings' have the power 
to cast doubt on the supposed simple organiza- 
tion of other early terrestrial ecosystems. 

The authors’ report also provides evidence 
to support an alternative view of the growth 
habit of aneurophytalean progymno- 
sperm plants. These plants were assumed 
to be bushy and to have a shallow and 
limited root system’. However, subsequent 
calculations showed* that the shoots of 
Tetraxylopteris plants — the progymno- 
sperm genus probably represented at 
Riverside Quarry — were not bio- 
mechanically capable of the self-support 
seen in the shoots of bushes and trees. 
Stein and colleagues’ new observations 
support this result. In addition, they show 
that the aneurophytalean subterranean 
system — consisting mainly of rhizomes 
up to 15 cm in diameter — comprised a 
large amount of wood and had significantly 
more mass than previously estimated. 

This finding is noteworthy for at least 
two reasons. First, the Eospermatopteris 
trees — the most conspicuous above- 
ground members of the Gilboa forest — 
had a limited amount of wood (if any)’; 
therefore the description of the woody 
rhizomes adds credibility to the hypoth- 
esis that, in early land plants, wood did not 
evolve as an adaptation for mechanical 
support’®. Second, the progymnosperm 
architecture challenges widely accepted 
theories that there was a straightforward 
correlation between a gradual increase in 
plant stature above ground and a gradual 
increase in size of the corresponding 
underground parts during the Devonian 
period’. 

In addition to their findings on plant 
types, Stein et al. ' studied sediment 
deposits around the forest, which existed 
near the shoreline of an inland sea. Previ- 
ous studies had likened the Gilboa forest 
environment to a tranquil swamp, but 
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the observations of Stein et al. suggest that 
the forest was periodically affected by brutal 
episodes of sea-level rise, which killed some 
of its plant life. Such disturbances represent 
major constraints for ecosystems, and can 
result in evolutionary selection for specific life 
strategies in plant species. Notably, plants that 
have adapted to disturbed habitats are gener- 
ally small in size’. But if Stein and colleagues’ 
observations of a disturbed environment are 
correct, the occurrence of large trees in the 
Gilboa forest would go against this trend, and 
represent an especially intriguing case of plant 
evolution. = 
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Disguise gets a reaction 


Every organic molecule has a sea of carbon- hydrogen bonds, so fishing out just 
one of these bonds for a reaction is difficult. Using a common chemical group 
as bait provides a solution to the problem. SEE LETTER P.70 


DANIELLE M. SCHULTZ & JOHN P. WOLFE 


he beneficial properties of many medi- 
cines, materials and consumer products 
composed of small organic molecules 
are greatly influenced by the locations and 
types of chemical groups within those mol- 
ecules — especially ‘functional groups, such 
as hydroxyl or amino groups. Typically, the 
introduction ofa desired functional group into 
a molecule is achieved through interconver- 
sion reactions, by which one existing reactive 
group is exchanged for another. However, this 
approach can involve many steps, making it 
costly and time consuming. 
On page 70 of this issue, Simmons and 


Hartwig' report that some functional-group 
interconversions can be sidestepped by using 
an iridium catalyst to convert certain car- 
bon-hydrogen (C-H) bonds in molecules 
directly to carbon—hydroxyl (C-OH) bonds. 
Their finding provides an extremely useful 
way to convert alcohols (which contain one 
hydroxyl group) to 1,3-diols (which contain 
two hydroxyl groups separated by three car- 
bon atoms). 1,3-Diols are important chemical 
motifs found in polymers and pharmaceuticals, 
as well as in the ‘skeleton’ of many structurally 
complex, naturally occurring compounds. 
The reactions that Simmons and Hartwig 
report are examples of transition-metal- 
catalysed C-H bond functionalization’, a 
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Figure 1 | An iridium-catalysed C-H functionalization reaction. Simmons and Hartwig' report a 
reaction that converts alcohols into valuable 1,3-diols by replacing a specific C-H bond with a C-OH 
bond. a, The starting alcohol is first converted into a silyl ether by reaction with diethylsilane. Et, ethyl. 
b,c, The silyl ether forms a strong attachment to an iridium catalyst (green sphere), and directs the 
replacement of a specific C-H bond (blue) with a carbon-silicon bond (red). The catalyst is released as 
the carbon-silicon bond forms. d, A subsequent oxidation step, performed in the same flask as steps a-c 
without purification of the reaction product from those steps, yields the desired 1,3-diol. 
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synthetic strategy in which otherwise unre- 
active hydrogen atoms in C-H bonds are 
replaced directly with functional groups. Such 
reactions are powerful tools for improving the 
efficiency with which complex molecules can 
be synthesized. In practice, however, these 
reactions are challenging to realize: because 
organic molecules generally contain many dif- 
ferent C-H bonds’, achieving a reaction at just 
one bond amid all the others can be tricky. Fur- 
thermore, each C-H bond in a molecule has a 
different level of reactivity — although cata- 
lysts can be used to functionalize more-reac- 
tive C-H bonds in preference to less-reactive 
ones’, it is difficult to selectively functionalize 
the less-reactive bonds. 

One way around this problem is to use a 
functional group in a molecule as a directing 
group — a handle to which a metal catalyst 
can bind and then guide a reaction to a 
specific C-H bond’. The drawback with this 
approach is that the specialized directing 
groups required are often not present in the 
target product of a synthetic route. Addi- 
tional synthetic steps are therefore needed to 
introduce and remove the directing group. 

Because of this limitation, there has been 
considerable interest in using functional 
groups that are commonly found in organic 
molecules, such as hydroxyls, amides or car- 
boxylic acids, as directing groups for C-H 
bond functionalization reactions®’. This 
strategy has proved successful for reactions 
of the relatively reactive C-H bonds on ben- 
zene rings’®. But the use of these common 
functional groups to direct the selective func- 
tionalization of less-reactive C-H bonds in 
saturated hydrocarbon chains (alkyl chains) is 
considerably more challenging, and has been 
achieved only in simple molecules®. 

Enter Simmons and Hartwig’, who have 
developed a transformation in which hydroxyl 
groups on alkyl chains are used to direct a 
highly selective iridium-catalysed C-H bond 
functionalization reaction (Fig. 1). This is a 
notable achievement because hydroxyl groups 
bind only weakly to transition metals (such as 
iridium), and have a tendency to take part in 
unwanted side reactions in the presence of 
many metal catalysts. 


The key to the approach was to ‘disguise’ a 
reactant’s hydroxyl group by converting it into 
a silyl ether — a silicon-containing group that 
is known to bind to metal catalysts (Fig. 1). The 
silyl ether serves as a directing group by form- 
ing a strong attachment to the iridium catalyst 
and directing the formation of a carbon- 
silicon bond at a specific C-H bond elsewhere 
in the reactant. In a subsequent step carried 
out in the same reaction vessel, Simmons and 
Hartwig removed the silyl ether mask by oxi- 
dizing the carbon-silicon bond to a C-OH 
bond, liberating the desired 1,3-diol product. 

The authors demonstrated the power and 
utility of their method by converting a variety 
of simple and complex alcohols to 1,3-diols. In 
every case, the functionalization occurred ata 
single C-H site three carbon atoms away from 
the directing group, even if more-reactive C-H 
bonds were present elsewhere in the molecule. 
Impressively, the site selectivity remained high 
even when Simmons and Hartwig subjected 
structurally complex natural products to the 
reactions. They were therefore able to convert 
readily available natural products bearing a 
hydroxyl group into other natural products 
that are more difficult to obtain, and to generate 
new analogues of natural products. 

A particularly striking example is the 
authors’ synthesis of methyl hederagenate 
(see Fig. 3b of the paper’) — a precursor of 
the natural product hederagenin, which has 
anti-inflammatory, antifungal and antitumour 
properties’. Although the starting material for 
the synthesis (commercially available methyl 
oleanate) contains 49 C-H bonds, only one of 
these bonds was selectively functionalized by 
their three-step reaction. Previously, the most 
efficient synthesis” of hederagenin required 
ten steps from a starting material closely 
related to methyl oleanate. 

Although Simmons and Hartwig’s method 
is very useful for the functionalization of 
substrates that contain only one hydroxyl 
group, it would have even greater application if 
it could be used for molecules that have several 
hydroxyl groups. Whether selectivity can be 
obtained in such systems remains to be seen. 
Nonetheless, the authors innovative transfor- 
mation sheds light on how common chemical 
groups can be used to direct C-H function- 
alization reactions, and provides a new and 
efficient way to prepare 1,3-diol units in 
complex organic molecules. = 
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Analog-to-digital 
drug screening 


Current methods for screening libraries of compounds for biological activity are 
rather cumbersome, slow and imprecise. A method that breaks up a continuous 
flow of a compound’s solution into droplets offers radical improvements. 


ROBERT C.R. WOOTTON & ANDREW J. DEMELLO 


increasingly depends on high-through- 
put methods that allow efficient biologi- 

cal screening of chemical libraries. Reporting 
in Proceedings of the National Academy of 
Sciences, Miller et al.’ describe a method for 
screening large numbers of compounds — 
thousands or more — for their activity as 
enzyme inhibitors. This protocol generates 
immense amounts of high-precision dose-— 
response data in ultrashort times of just a few 
minutes per compound. The authors’ approach 
could vastly improve the efficiency of current 
screening processes, which represent a major 
bottleneck for drug-discovery programmes. 

Conventional routes to screening com- 
pounds typically begin with a qualitative 
primary screen of a diverse compound library 
to identify which compounds are active at a 
biological target. This is supplemented by a 
dose-response analysis of selected active com- 
pounds, to relate the target’s activity to each 
compound’s concentration. Unfortunately, 
dose-response screening of libraries is a time- 
consuming and complex procedure, with 
many potential pitfalls. Not least of these is the 
amount of time required to gather sufficient 
data to probe complex pharmacology, and 
the large number of false positives and false 
negatives generated from standard assays’. 

Library screening to find enzyme inhibitors 
in particular can be fraught with difficulties 
because of the high number of compounds that 
must be screened and the rather cumbersome 
methods used — typically involving robots 
running assays in tiny wells on plates. In prac- 
tice, every compound in a primary screen is 
normally assayed at a single concentration; the 
vast majority of candidates are almost inevita- 
bly inactive and are thus eliminated. The first 
screen is then followed by a more complex, 
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dose-dependent assay of the remaining can- 
didates. But although secondary assays are 
more detailed, they are frequently run at only a 
limited number of compound concentrations, 
because they face similar constraints to the 
primary screen’. 

Assays based on microfluidics — the pre- 
cise control of fluids constrained within sub- 
millimetre-scale channels — could transform 
high-throughput screening. Microfluidic tech- 
nology is being increasingly used in chemistry 
and biology because of its ability to rapidly per- 
form complex analytical procedures on minute 
sample volumes, with greater efficiency than 
traditional macroscale approaches’. Such sys- 
tems normally operate either by passing a con- 
tinuous flow of a solution through channels, or 
by breaking a flow into segments or droplets. 

Continuous-flow systems offer some advan- 
tages over those involving segmented flow — 
for example, they allow chemical gradients to 
be established in a flow. But they are also ham- 
pered by sample dispersion, which spreads a 
compound sample out from an initial, focused 
volume to a wider, more dilute region. Contin- 
uous-flow systems also suffer from residence- 
time distributions, in which some parts of a 
sample move faster than others, thus adding to 
sample spreading and dilution. Segmented (or 
droplet-based) flows, on the other hand, offer 
excellent control over sample dispersion and 
residence time, although gradients are more 
difficult to establish. 

Miller et al.' have exploited key features of 
both continuous- and segmented-flow micro- 
fluidics to develop a robust system capable of 
generating high-quality dose-response data 
in screens for enzyme inhibitors. At the heart 
of their approach is the generation of a con- 
centration gradient over time in a flow of a 
solution of the compound using Taylor—Aris 
dispersion (Fig. la) — a phenomenon that 
occurs in continuous flows as a result of a 
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Figure 1 | High-resolution dose-response screening. Miller et al.’ report a microfluidics system that 
enables the activity of enzyme inhibitors to be measured at thousands of different concentrations in just a 

few minutes. a, In their system, solutions of inhibitors (red) are injected into a continuous flow of buffer in a 
capillary tube. By means of a phenomenon known as Taylor-Aris dispersion, the concentration profile of each 
injected solution is transformed into a smooth pulse. b, Solutions of the targeted enzyme and of an enzyme 
substrate are introduced into the flow, which is then broken into droplets by the addition of an immiscible oil. 
Each droplet thus contains a slightly different concentration of the inhibitor. By measuring enzyme inhibition 
within each droplet, a dose-response curve can be plotted for the inhibitor. (Figure adapted from ref. 1.) 


combination of molecular diffusion and the 
variation of flow velocity over the cross-sec- 
tion of a microchannel. The authors segment 
this flow into a series of droplets dispersed in 
a continuous flow of oil (Fig. 1b), in a process 
similar to the analog-to-digital conversion of 
an electrical signal. 

Each droplet has a volume of just 140 pico- 
litres (1 picolitre is 10°" litres), and defines a 
unique reactor containing a concentration of 
the candidate inhibitor that differs from the 
concentrations in droplets preceding or fol- 
lowing it. No dispersion of the dissolved com- 
pound can occur between droplets, and so the 
concentration gradient established in the origi- 
nal continuous flow is preserved. By incor- 
porating the target enzyme and its substrate 
within each droplet and measuring the enzyme 
inhibition by the candidate, the authors were 
able to produce dose-response curves contain- 
ing 10,000 data points for a compound from a 
single sample of solution, within a few minutes. 

The large amount of data extracted from 
each experiment means that the resulting 
dose-response curves can be analysed with 
high precision using complex kinetic models. 
This greatly reduces the occurrence of false 
negatives and false positives, and generates 
much more helpful data than are produced by 
currently available secondary assays. Given 
that the authors’ microfluidic device can screen 
each compound so effectively within two to 
three minutes, their approach also opens the 
way to more thorough and effective primary 
screening. 

As Miller et al. highlight’, their system 
still has some issues that must be resolved, 
such as ensuring that each droplet remains 
in the microfluidic system long enough for 
enzyme inhibition to occur. The authors cur- 
rently achieve this by incorporating channels 
(known as delay lines) in which the flow is 
slowed. Although these lines allow reactions 
to be assayed over a period of 3.5 minutes, 
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they also introduce residence-time distribu- 
tions because of droplet disordering. This is 
clearly problematic, especially when screen- 
ing slower enzymatic processes, but could be 
overcome by changing delay-line geometry 
and channel lengths. Another concern is that 
the range of inhibitor concentrations that can 
be accessed by the authors’ system is rather 
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limited. However, this issue could easily be 
resolved by incorporating passive droplet- 
dilution modules’ — devices that would dilute 
each sample-containing droplet into a stream 
of new, more-dilute droplets. 

Despite these limitations, the impact of 
Miller and colleagues approach on the drug- 
discovery process will be considerable. By 
enabling large amounts of dose-response 
information to be obtained from small sample 
volumes, it could facilitate the direct, quantita- 
tive dose-response screening of whole libraries 
in short times, eliminating the need for 
second-pass screening of active compounds. = 
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Primed for resistance 


A drug for treating melanoma is ineffective in colorectal cancers that have the same 
causative mutation. Studies of how cells adapt to the drug reveal why this is so, and 
suggest combination therapies that may be more effective. SEE LETTER P.100 


DAVID B. SOLIT & PASI A. JANNE 


enetic mutations that disrupt funda- 
mental cellular processes, such as 
cell division and differentiation, can 
lead to cancer. Mutations in the BRAF gene, 
which codes for the kinase protein BRAF, 
are one such example, and are detected in 
multiple cancers. In patients with advanced 
BRAF-mutant melanomas, treatment with 
the BRAF-inhibiting drug vemurafenib 
significantly prolongs survival’. However, 
vemurafenib is ineffective’ in patients with 
colorectal cancers that harbour the same BRAF 
mutation — BRAF(V600E). On page 100 of 
this issue, Prahallad et al.’ provide an explana- 
tion for this lack of efficacy by showing that, in 
colorectal cancer cells, drug treatment leads to 
rapid activation of a protein that counteracts 
the drugs BRAF-inhibitory activity. 
Prahallad and colleagues identified this 
molecular basis for resistance by screening 
for genes for which inhibition of expression 


© 2012 Macmillan Publishers Limited. All rights reserved 


leads to enhanced sensitivity of human colo- 
rectal cancer cells to vemurafenib. Their screen 
assessed all 518 human kinase-encoding 
genes and 17 additional kinase-related genes. 
Among the most potent ‘hits’ they identified 
was the gene coding for the epidermal growth 
factor receptor (EGFR). To test the biologi- 
cal significance of this finding, the authors 
treated BRAF(V600E)-mutant colorectal 
cancer cell lines with vemurafenib, and found 
that the drug induced hallmarks of EGFR 
activation. 

EGER acts earlier than BRAF, and other RAF 
proteins, in a cell signalling pathway called the 
ERK pathway. The authors hypothesize that 
inhibition of BRAF by vemurafenib relieves 
a negative feedback loop that keeps EGFR 
inactive. EGFR activates a protein called RAS, 
which, when activated, has been shown to 
cause vemmurafenib resistance by inducing the 
formation of dimers of RAF proteins, against 
which the drug is ineffective (Fig. 1). EGFR 
also activates other cell signalling pathways, 


such as the PI3K/AKT pathway, and EGFR- 
mediated activation of these pathways may also 
contribute to vemurafenib resistance. 

The identification of EGFR activation as the 
basis for vemurafenib resistance in colorectal 
cancer cells is consistent with a model of resist- 
ance that has emerged from studies of patients 
with melanoma who acquire resistance to this 
drug**. In BRAF-mutant melanomas, RAS 
activity is low, and consequently RAF dimer 
formation is low. Vemurafenib effectively 
inhibits the monomeric forms of BRAF®. How- 
ever, perturbations that increase RAS activa- 
tion (such as RAS mutation or activation of 
upstream kinases) promote the formation of 
RAF dimers, leading to drug resistance**. 

In contrast to melanoma cells, EGFR is 
ubiquitously expressed in BRAF-mutant 
colorectal cancers, although it is inactive 
before drug treatment. Exposure to vemu- 
rafenib results in rapid EGFR activation and 
immediate drug resistance. EGFR-expressing 
colorectal cancer cells are thus ‘primed’ for 
resistance to BRAF inhibitors. This model 
of vemurafenib resistance is supported by 
another recent study’, which reports that 
vemurafenib treatment leads to increased 
EGFR-mediated RAS activity in BRAF-mutant 
colorectal cancer cells. This can be blocked by 
concurrent treatment with an EGFR inhibitor. 

Drugs that target EGFR, such as the mono- 
clonal antibody cetuximab, are ineffective in 
patients with advanced BRAF-mutant colo- 
rectal cancer®. However, when Prahallad and 
colleagues’ treated mice bearing grafts of 
human BRAF-mutant colorectal cancers with 
vemurafenib and cetuximab, the combination 
was significantly more effective than either 
drug alone. These results imply that EGFR and 
BRAF inhibitors, despite being ineffective in 
patients with BRAF-mutant colorectal cancer 
when used alone, may be more successful 
when administered in combination. 

Prahallad and colleagues’ paper comple- 
ments a series of recent publications that have 
enhanced our understanding of the seem- 
ingly idiosyncratic activity of BRAF inhibi- 
tors in patients. Specifically, vemurafenib 
inhibits ERK-pathway activity in BRAF- 
mutant tumour cells, but paradoxically acti- 
vates ERK signalling in normal cells and in 
tumour cells expressing normal BRAF’. The 
drug thus inhibits ERK activity in a BRAF- 
mutant-specific manner, an atypical property 
that accounts for its unusual toxicity profile. 
Approximately one-third of patients treated 
with vemurafenib develop a skin rash that 
differs markedly from the rashes associated 
with drugs that inhibit ERK signalling. Some 
vemurafenib-treated patients also develop 
hyperproliferative skin lesions — including 
keratoacanthomas and cutaneous squamous- 
cell carcinomas — that do not harbour BRAF 
mutations’. The emergence of these skin 
lesions is explained by two recent studies’”” 
that found that most of the lesions harbour 
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Figure 1 | Intrinsic drug resistance in colorectal cancer cells. a, b, Cancers with mutations in the BRAF 
gene show hyperactivity (represented by up arrows) of BRAF, a protein in the ERK cellular signalling 
pathway. This induces overactivation of the pathway (shown by bold arrows), which promotes tumour 
growth. a, BRAF-mutant melanomas are sensitive to vemurafenib, a drug that inhibits mutant BRAF. 

In these sensitive cells, vemurafenib inhibits ERK-pathway activity, leading to tumour regression. 

b, Colorectal cancer cells with the same mutation are resistant to vemurafenib. Prahallad et al.’ show that 
this drug resistance arises as a result of rapid activation of the epidermal growth factor receptor (EGFR), 
which acts earlier than BRAF in the ERK pathway. EGER is broadly expressed in colorectal cancer cells 
but is kept in an inactive state in BRAF-mutant cells by an ERK-dependent negative feedback loop. 
Vemurafenib inhibition of BRAF relieves this negative feedback, resulting in rapid EGFR activation. 
EGER then activates the protein RAS, which promotes dimerization of BRAF or other RAF proteins. As 
RAF dimers are resistant to vemurafenib, activation of EGFR abrogates the inhibitory effects of the drug. 


mutations in the genes encoding RAS proteins. 
Animal experiments have indicated that, as a 
result of the elevated RAS activity in these skin 
lesions, vemurafenib activates ERK signalling, 
which leads to cellular hyperproliferation. 

Taken together, these findings*"' have broad 
clinical implications. They clearly justify stud- 
ies combining EGFR and BRAF inhibitors in 
patients with BRAF-mutant colorectal cancer. 
Furthermore, as vemurafenib activates ERK 
signalling and EGFR inhibitors have the oppo- 
site effect, this drug combination may prove 
less toxic than either drug alone, a result simi- 
lar to the reduced toxicity observed in studies 
combining inhibitors of MEK (another ERK- 
pathway protein) and BRAF”. 

Prahallad and colleagues’ findings also high- 
light the potential for differences in efficacy 
of kinase-targeted therapies in tumours that 
share the same mutation but arise in differ- 
ent tissue types. For example, because EGFR 
is broadly expressed in epithelial cells, carci- 
nomas may, as a group, be intrinsically less 
sensitive to BRAF inhibition than melano- 
mas, which occur in cells of a different (neural 
crest) origin from carcinomas. This hypothesis 
awaits clinical validation in ongoing trials of 
BRAF inhibitors. 

As efforts to characterize individual 
tumours on a molecular basis accelerate in the 
clinic, with the goal of personalizing cancer 
therapy, there will be a strong desire to treat 
patients who have a BRAF-mutant tumour 
with a BRAF inhibitor, regardless of the site 
of tumour origin. The findings reported by 
Prahallad et al. suggest that this approach may 
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sometimes prove ineffective. Ideally, such 
efforts at personalized medicine should pro- 
ceed within the context of clinical trials and 
should include molecular analysis of both pre- 
and post-treatment tumour samples, because 
such studies may aid the identification of addi- 
tional cell-type-specific factors that affect drug 
responses and thereby facilitate the design of 
combination therapies. m 
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Ua SCIENCE FICTION 


BY JOHN FRIZELL 


o human could have grasped the 
Ne name. Human eyes could 

not distinguish the differences in 
shades of colour or register the intervals at 
which they changed to define the unique 
pattern that was his name. The squid was 
concentrating hard because he was holding 
two conversations at once, one deliberately 
misleading, the other closer to the truth, 
as he glided through the deep ocean, his 
mantle pulsing gently, powering him with 
puffs of water. 

On his right side the flowing patterns 
of colour were attempting to persuade a 
female to mate with him. He was being 
as persuasive as possible without exag- 
gerating; females were very good at 
picking up on male lies, and like all 
female giant squid she was considera- 
bly bigger than him, or any adult male. 

On his left he was chatting to 
another male about recent sightings 
of Loud Shadows, the huge predators 
that were the only things in the ocean that 
attacked giant squid. 

“Our hatched memories are not right,” he 
said. 

A squid was lucky to live for more than 80 
or 90 lunar cycles. But everyone had memo- 
ries with which they were hatched and that 
went back hundreds of millions of cycles. 

“Tt was much worse back then,” said the 
other male. “The ocean was infested with 
Shadows. But the light-songs we get from 
others say that thousands of cycles ago, they 
began to disappear. The legend is that they 
were hunted by a surface predator. But it is 
so hard to know. We have to rely on stories 
passed from one generation to the next, on 
memories of memories. But it seems that the 
surface predator has ended its hunt and the 
Shadows are returning” 

Then, like a horror called up by saying its 
name, a Shadow’s ranging pulse swept over 
them. All three went dark. 

The squid’s hearts pounded faster, and he 
shot off on a jet of water, veering away from 
the source of the sound. There was another 
pulse and then the Killing Sound, the noise 
that the Shadows used to disorient their 
victims while their terrible long jaw with its 
sharp conical teeth dismembered its prey. 
But the sound was not directed at him. 

The female lit up in a display of rage 
and defiance. She was right in front of the 
Shadow and it hung there in the water, 


118 | NATURE | VOL 483 | 1 MARCH 2 


KNOWLEDGE 


You must remember this. 


rite 


K 


012 


pouring sound energy into her. She lashed 
out with her arms and wrapped them around 
its massive head, locking its jaw shut. If she 
could hang on long enough, she might live. 
The Shadows were not proper sea creatures: 
they had to return to the surface at regular 
intervals and could not remain at depth for 
long. Even so, her chances were not good. 
She was almost as long as a Shadow, and the 
sharp cutting rings of her suckers would be 
ripping into its skin, but that rarely made 
them give up. The monster was a solid mass 
of muscle, many times thicker than the 
thickest tentacle. 

The squid swam away at full speed. Shad- 
ows sometimes hunted in groups. When 
he slowed, he was far away and as safe as he 
could be in the ocean, where an attack could 
come at any time. He was ravenous from the 
energy expenditure and did a bit of hunting 
of his own, caught a fish and pushed it into 
his beak where his radula quickly shredded it 
and fed it into his stomach. He could feel the 
energy spreading through his body. 

His rival had got one thing very right. 
Because they had to rely on memories of 
memories, the past was hard to know. And 

if you did not know the 
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by memory? The preservation of memory 
became an obsession, doomed in the fea- 
tureless ocean wilderness. In desperation 
he had tried to dive to the bottom where 
there might be something he could use, but 
the deep was a place of strange smells and 
unsettling cold, a hostile environment that 
sucked energy out of him and made it hard 
to move. 

Cycles went by. All too soon he found 
himself more than 80 cycles old. Squid do 
not become feeble with age or decline 

slowly — they retain their vigour to the 

end — but when the end comes, it comes 

quickly. He could feel his digestive sys- 
tem shrivelling. He would be lucky to 
last another cycle. 

He was hunting for a snack when he 

made his breakthrough. 

As he glided down on his prey he 
realized it was not a fish: it was Trans- 
parent Death, one of the unbreakable 
filaments that had started appearing 
hundreds of cycles ago. He banked 
away automatically, then circled back, 

thinking furiously. To preserve knowl- 
edge independently of memory, it needed 
to be stored outside the body. Here was 
something that would last for thousands of 
cycles, perhaps millions. He flexed his ten- 
tacles. Tentacles were for catching and eat- 
ing, occasionally for fighting if subterfuge 
and diplomacy failed, but if they could hold 
a fish, they could hold other things as well. 

He approached the drifting strand as care- 
fully as if it were a sleeping Shadow, caught 
an end and swam slowly away, trailing it so 
it could not wrap around him. He grasped it 
farther down with an arm and then caught 
the free end with his two tentacles, formed 
it into a loop and pulled on it. It started to 
tighten around a tentacle and he whipped 
it out before it was caught. He tried again. 
Finally he had the strand crossing over 
itself and grasping itself to form a nodule. 
He moved a bit down the filament and tried 
again. The second knot was easier. If he 
allowed each nodule to represent ‘yes’ and 
the absence of a nodule to represent ‘no, he 
could record information. 

He set off, carefully trailing the line, to 
show his discovery to others before it was 
too late. m 


John Frizell was trained in biochemistry 
and works in ocean conservation for 
Greenpeace. In his spare time he walks, 
builds robots and writes short stories. 


JACEY 


[LER 


doi:10.1038/nature10751 


Structural and functional conservation of key 
domains in InsP; and ryanodine receptors 


Min-Duk Seo!+*, Saroj Velamakanni**, Noboru Ishiyamal, Peter B. Stathopulos', Ana M. Rossi’, Samir A. Khan’, Philippa Dale’, 
Congmin Li’, James B. Ames’, Mitsuhiko Ikura! & Colin W. Taylor? 


Inositol-1,4,5-trisphosphate receptors (InsP3Rs) and ryanodine 
receptors (RyRs) are tetrameric intracellular Ca’* channels’. In 
each of these receptor families, the pore, which is formed by 
carboxy-terminal transmembrane domains, is regulated by signals 
that are detected by large cytosolic structures. InsP3;R gating is 
initiated by InsP; binding to the InsP3-binding core (IBC, residues 
224-604 of InsP3;R1) and it requires the suppressor domain (SD, 
residues 1-223 of InsP3R1)”*. Here we present structures of the 
amino-terminal region (NT, residues 1-604) of rat InsP3;R1 with 
(3.6 A) and without (3.0 A) InsP; bound. The arrangement of the 
three NT domains, SD, IBC-B and IBC-a, identifies two discrete 
interfaces (a and f) between the IBC and SD. Similar interfaces occur 
between equivalent domains (A, B and C) in RyRI1 (ref. 9). The 
orientations of the three domains when docked into a tetrameric 
structure of InsP3;R'° and of the ABC domains docked into RyR’ 
are remarkably similar. The importance of the a-interface for activa- 
tion of InsP;R and RyR is confirmed by mutagenesis and, for RyR, 
by disease-causing mutations”'". Binding of InsP causes partial 
closure of the clam-like IBC, disrupting the B-interface and pulling 
the SD towards the IBC. This reorients an exposed SD loop (‘hotspot’ 
(HS) loop) that is essential for InsP3R activation’. The loop is 
conserved in RyR and includes mutations that are associated with 
malignant hyperthermia and central core disease*’*’. The HS 
loop interacts with an adjacent NT, suggesting that activation 
re-arranges inter-subunit interactions. The A domain of RyR 
functionally replaced the SD in full-length InsP3R, and an InsP3R 
in which its C-terminal transmembrane region was replaced by 
that from RyR1 was gated by InsP; and blocked by ryanodine. 
Activation mechanisms are conserved between InsP3R and RyR. 
Allosteric modulation of two similar domain interfaces within an 
N-terminal subunit reorients the first domain (SD or A domain), 
allowing it, through interactions of the second domain of an 
adjacent subunit (IBC-B or B domain), to gate the pore. 

The essential role of the SD in linking InsP binding to InsP3R gating 
highlights the need to define the structural consequences of InsP bind- 
ing to the N-terminal region (NT, residues 1-604 of InsP3R1) (Sup- 
plementary Fig. 1). Because our attempts to crystallize the NT yielded 
poorly diffracting crystals, we expressed a Cys-less form of the NT 
(NT(Cys-less)). Native and Cys-less forms of the NT and IBC behaved 
indistinguishably (Supplementary Fig. 2 and Supplementary Tables 1 
and 2), but NT(Cys-less) provided crystals with diffraction that was 
much improved (Supplementary Table 3). We determined crystal 
structures of NT(Cys-less) with (3.6 A) and without (3.0 A) InsP3 
bound, showing three domains: the SD, IBC-B (residues 224-436) 
and IBC-o (residues 437-604) (Fig. 1a). The structures of these domains 
were nearly identical to those of isolated native SD and IBC** 
(Supplementary Fig. 3). 

The SD, IBC-B and IBC-« form a triangular structure, with the SD 
behind the InsP,-binding site (Fig. 1a). The SD interacts with the IBC 


through two interfaces, one with IBC-f (f-interface) and another with 
IBC-o (a-interface). A 3;9-like turn between the last strand of the SD 
and the first strand of IBC-f positions the IBC relative to the SD 
(Supplementary Fig. 4e). Within this connecting turn, a salt bridge 
(between Lys225 and Asp228) stabilizes the backbone conformation 
and thus positions the residues that form the B-interface. These inter- 
actions in the connecting turn and f-interface are augmented by a 
network of hydrophobic interactions within IBC-f (Fig. 1b). The 
a-interface forms a long ‘Velcro’-like structure that also involves a 
network of hydrophobic and electrostatic interactions (Fig. 1c). 
Intimate hydrophobic interactions between Val33, and to a lesser 
extent Leu32, from the SD; and Val452, Phe445, Ala449 and Leu476 
from IBC-«% are supported by bidentate salt bridges between Arg54 
and Lys127 in the SD and Asp444 in IBC-« (Fig. 1c). The Val33Lys 
mutation at the o-interface almost abolished inhibition of InsP3 
binding by the SD** and reduced the probability of the channel being 
open*. This confirms the functional importance of the «-interface. 
Mutation of neighbouring residues that contribute less to the o- 
interface (Leu32Lys, Asp34Lys, Arg36Glu, Lys127Glu) had less effect 
on InsP; binding, and mutation of residues that do not contribute to 
the interface (Asp35Lys, Lys52Glu) had no effect (Supplementary 
Table 4)**. Hydrophobic and electrostatic interaction networks at 
the o- and B-interfaces contribute to a buried surface between the 
SD and IBC (~2,040 A?) that forms a hub connecting InsP, binding 
to channel activation. 

The structure of the NT is very similar to that of the N-terminal 
region of RyR1 (ref. 9). The three NT domains of InsP3R1 (SD, IBC- 
B and IBC-«) can be individually superposed to corresponding domains 
of RyR1 (A, B and C) (Supplementary Fig. 3). Furthermore, the relative 
orientation of the three domains within each N-terminal structure is 
nearly identical (Fig. 1d). Mutation of Tyr167Ala, located on an exposed 
loop of the SD opposite the IBC interfaces (HS loop"’, residues 165-180, 
boxed in Fig. 1d), attenuates InsP3-evoked Ca’* release’, and Ca?*, a 
co-regulator of InsP3R”’, causes the loop to become accessible’. The 
disease-associated HS loop of RyR1 (ref. 11) sits at the same location 
within the ABC structure’ (Fig. 1d), and a mimetic peptide causes RyR2 
to become leaky'*. Furthermore, the backbone and side-chain con- 
formation of this loop region superposes well in the two receptors 
(Fig. le). The HS loop provides a critical link between InsP; binding 
and gating. 

The domain interfaces of the NT of InsP3R1 and the ABC domains 
of RyRI1 are also similar. The bidentate salt bridges at the InsP3R1 
a-interface between Arg54 and Lys127 in the SD and Asp444 in 
IBC-o are preserved in RyR1 ABC, albeit in a reversed-charge manner 
between Asp40 and Asp61 in the A domain and Arg402 in the C 
domain (Supplementary Fig. 4a). In RyR1, mutation of these residues 
(Arg402Cys, Asp61Asn) is associated with malignant hyperthermia 
and central core disease’, suggesting that disruption of the interaction 
perturbs RyR gating, as it does for InsP3R. The structural similarities 
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Figure 1 | Structure of the NT region of InsP;R1 without InsP; bound. 

a, Structure of NT(Cys-less) at 3 Aresolution showing SD (blue), IBC-f (green) 
and IBC-« (yellow). Dashed lines show invisible regions in the electron density. 
Positions of the three domains within a single InsP3R subunit are shown. TMD, 
transmembrane domain. b, c, Interfaces between SD-IBC-B (f-interface) 

(b) and SD-IBC-« domains («-interface, with the hydrophobic core boxed and 
the 2F,—F- electron density map of key residues (contoured at 1.00) shown as 
mesh) (c). d, Superposition of apo-NT(Cys-less) and the ABC domain of RyR1 


also extend to the B-interface of InsP3R1 and the corresponding A-B 
interface in RyR1 (Supplementary Fig. 4b, d). Interestingly, RyR1 forms 
an additional salt bridge at the A-C interface between Arg45 and 
Asp447, which is not conserved in InsP;R1 (Supplementary Fig. 4c). 
Our structures of NT(Cys-less) with and without InsP; bound, 
together with the structure of the InsP3;-bound IBC (Supplementary 
Fig. 5), reveal the structural changes that are evoked by InsP; (Fig. 2). 
Side chains of nine residues become organized around InsP; (Sup- 
plementary Fig. 5a), and the domain orientation angle between IBC-B 
and IBC-« is reduced (by ~8°) after InsP; binding (Fig. 2 and Sup- 
plementary Fig. 5a). This InsP3-evoked ‘clam closure’, which is consist- 
ent with earlier predictions'® and small-angle X-ray scattering’’, causes 
the distance across the entrance to the InsP3-binding pocket to decrease 
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(grey)’ structures by overlaying IBC-f and the RyR1 B domain. The HS loop in 
RyR1 and corresponding region in InsP;R1 are highlighted (red box). A, B and 
C indicate domains of RyR1. e, Close-up views of HS regions of InsP3R1 (blue) 
and RyRI1 (grey) with conserved residues depicted as sticks. Structure-based 
DaliLite alignment of rat InsP;Rs and rabbit RyRs shows conserved residues 
(yellow), RyR1 disease-associated mutations (red), and hydrophobic residues 
that are implicated in activation of InsP3R (blue)*. 


(Supplementary Fig. 5b, c). A similar agonist-evoked domain closure 
occurs in some glutamate receptor channels'®. The SD and IBC remain 
associated after closure of the IBC (Fig. 2). InsP binding hardly changes 
the interactions across the extensive o-interface, but at the B-interface 
the SD residues move away from IBC-f (Supplementary Fig. 5d-f). 
With the SD glued to IBC-« by the «-interface, and the B-interface 
serving as a lubricant, InsP; binding causes the SD to twist (by ~9°) 
and move closer to the top of the IBC (Fig. 2). This causes an amplified 
translational movement of the conserved HS loop in the SD 
(Supplementary Fig. 5g). While our work was under review, 3.8 A 
structures of apo- and InsP3-bound NT that were derived from a single 
crystal grown in excess InsP; were published, showing similar InsP3- 
induced allostery in the interfaces between domains’. This confirms 
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) ~9 twist 


Figure 2 | InsP3-evoked conformational changes. Superposition of apo- 
NT(Cys-less) (SD, blue; IBC-«, yellow; IBC-B, green) and InsP3-bound 
NT(Cys-less) (3.6 A resolution, magenta) by overlaying IBC-B domain. InsP; 
binding causes the SD to rotate towards the IBC accompanied by a swing that is 
approximately perpendicular to the IBC ‘clam closure’. This twist is measured 
as the angular difference between the SD arm helices in the apo- and InsP3- 


our observations, but our higher resolution structures reveal more detail 
of the «- and B-interfaces that are associated with this conformational 
change (Supplementary Discussion). 

Docking the ABC structure into cryo-electron microscopy maps of 
RyR1 showed that the N-terminal domains form a central ring at the 
top of the mushroom-like RyR1 (ref. 9). Rigid-body docking of our 
apo-NT(Cys-less) structure into a cryo-electron microscope 10 A 
structure of a closed InsP3R1 (ref. 10) reveals an arrangement that is 
remarkably similar to that of RyR1 with a high docking contrast (Fig. 3 
and Supplementary Fig. 6). The three domains of the four NTs, which 
form the upper cytoplasmic surface of the mushroom-like InsP3R, are 
arranged as four ‘hillocks’ around a central ‘bowl’. This arrangement 
allows InsP; unrestricted access to the IBC from the side of the cap 
(Fig. 3), and it is consistent with accessibility studies and binding sites 
for regulatory proteins (Supplementary Fig. 6c and Supplementary 
Table 5). Within the tetrameric InsP3R, the only contacts between 
NT subunits are through the critical HS loop of the SD and a flexible 
loop between f-strand 20-B-strand 21 (Supplementary Fig. 7) in IBC- 
B (Fig. 3c, d). The flexible loop is longer in RyR and it lies ~10A 
further from the neighbouring HS loop” (Fig. 3c, d). In InsP3R, the 
arm domains (residues 67-109) of each SD are the only NT structures 
that extend beyond the cap towards the pore (Fig. 3a), but these 
domains are neither essential for InsP3R activation® nor conserved 
in RyR’™. 

The structural similarities between the N termini of RyR and InsP3R 
prompted us to examine whether the domains are functionally inter- 
changeable. In a chimaeric NT fragment comprising the A domain of 


S 


.. Cytoplasm ¥ 


ER lumen 


Figure 3 | Docking of the apo-NT(Cys-less) structure into the cryo-electron 
microscopy map of InsP3R1. a, b, Side (a) and top (b) views of the apo- 
NT(Cys-less) structure docked into the cryo-electron microscopy map (grey 
mesh) of InsP3R1 in a closed state’®. Contour level corresponds to mass of 
InsP;R1 tetramer of 1.3 megadaltons (MDa) (protein density 0.8 Da A”). Four 
molecules of the NT (SD, blue; IBC-f, green; IBC-o, yellow) are located at the 
top of the cytoplasmic portion of the InsP;R1 tetramer. c, Dockings of the apo- 
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bound states (~9°). Movement of the HS loop (shown in a dashed box) shows 
the distance between -carbons of Tyr 167 (~3.7 A). A view rotated 90° about 
the x axis is shown (right) with only IBCs represented. The interdomain (IBC-B 
and IBC-«) angular difference between the free and bound states is ~8°. For 
further details of InsP; binding and its effects on the IBC and «- and 
B-interfaces see Supplementary Fig. 5. 


RyR2 and the IBC from InsP3R1 (RyR2A-IBC), the A domain mimicked 
the SD by inhibiting InsP; binding (Fig. 4a, b). Mutations within the 
A-domain loop that forms the A-B interface in RyR’ or the equivalent 
InsP3R loop in the SD attenuated this inhibition of binding (Fig. 4c, 
Supplementary Table 6 and Supplementary Fig. 8). InsP3 stimulated 
Ca” release through InsP3R1 or a chimaeric InsP3R1 in which the 
SD was replaced by the A domain of RyR1 (RyR1A-InsP3RI1 (Fig. 4a, 
d and Supplementary Fig. 9). These InsP;Rs were similarly expressed 
and they released similar fractions of the Ca~* stores and had similar 
sensitivity to InsP; (Supplementary Table 7). Opening of native InsP3R 
or RyR is restrained by interactions between cytosolic domains”. It is 
therefore noteworthy that expression of InsP;R1 or RyR1A-InsP3R1 
affected neither the Ca?* content of the endoplasmic reticulum nor 
the Ca’* leak from it (Supplementary Fig. 10), confirming that 
InsP3R and RyR1A-InsP3RI1 have no detectable spontaneous activity. 
This demonstrates that the SD of InsP3R can be functionally substituted 
by the A domain of RyR. 

An InsP3R1 in which residues downstream of transmembrane 
domain 1 were replaced by the equivalent region of RyR1 (InsP3R1- 
RyR1) also responded to InsP; (Fig. 4a, e). Expression of InsP3;R1- 
RyRI1 increased Ca** leakage from the endoplasmic reticulum, and 
this was reversed by ryanodine, which blocks the RyR pore”. However, 
the increased leak was insufficient to affect the steady-state Ca”* con- 
tent (Supplementary Fig. 10), suggesting that InsP;R1-RyR1 has 
minimal spontaneous activity. Expression of InsP;R1-RyR1 matched 
that of other InsP3Rs, but cells expressing InsP;R1-RyR1 were approxi- 
mately 20-fold less sensitive to InsP; (Supplementary Table 7). Because 


NT(Cys-less) (coloured as in a) and ABC’ (grey) structures into cryo-electron 
microscopy structures of InsP3R1 (ref. 10) and RyR1 (ref. 9), respectively, are 
overlaid and presented to show only NT structures. HS loops of InsP3R 
(magenta) and RyR (orange) are highlighted. d, Enlargement of boxed area in 
c. Locations of other binding sites within the NT of InsP3R1 are shown in 
Supplementary Fig. 6. 
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Figure 4 | Functional chimaeras of InsP3R and RyR. a, Proteins used. 

b, Specific binding of *H-InsP; in the presence of adenophostin A. ¢, Inhibition 
of *H-InsP3 binding to IBC by SD or A domain, and effects of mutations within 
equivalent loops. Affinities shown relative to IBC (ApKg). The apo-NT(Cys- 
less) (left) and RyR2A-IBC homology (right) structures show key residues (red 
sticks) within the SD or A domain at the «-interface. The SD/A, IBC-B and IBC- 
a domains are shown in blue, green and yellow, respectively. d, Ca’* release 


the transmembrane domains minimally affect InsP; binding”, this 
diminished response probably reflects a decrease in InsP3 efficacy. 
The increased Ca** leakage and reduced efficacy of InsP3 suggest that 
within InsP3;R1-RyR1, communication between the SD and channel 
are slightly less effective than in native InsP;R. Nevertheless, it is 
remarkable that cytosolic domains of an InsP3R should so effectively 
regulate the pore of a RyR when the two receptors share only modest 
sequence identity and differ in the number of residues separating the 
NT from transmembrane domains (Fig. 4a), and in the lengths and 
sequences of their C-terminal tails and the loops linking trans- 
membrane domains (Supplementary Fig. 11). 

Ryanodine (10 1M) had no effect on InsP;R1 or RyR1A-InsP3R1, 
but it abolished InsP;-evoked Ca?* release through InsP3R1-RyR1 
(Fig. 4e, f). Because ryanodine binds selectively to active RyR™, °H- 
ryanodine binding is stimulated by agonists of RyR, such as caffeine. 
Caffeine had no effect on specific “H-ryanodine binding to InsP3R1- 
RyR1, whereas InsP; stimulated it (Fig. 4g). InsP; therefore causes 
conformational changes to the channel of InsP3;R1-RyR1 that mimic 
those of native RyR in allowing binding of *H-ryanodine. Ryanodine 
(=10 uM) did not stimulate Ca”* release through InsP3R1-RyR1 (not 
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from DT40 cells expressing InsP3R1, RyR1A-InsP3R1 or lacking InsP3R 
(knockout (KO)). e, f, Effect of ryanodine (10 1M) on Ca?* release from DT40 
cells expressing InsP;R1-RyR1 (e) or InsPR1 (f). Results (d—f) are percentages 
of ATP-dependent Ca** uptake. g, Specific 7H-ryanodine binding to 
membranes of DT40 cells expressing InsP;R1 or InsP3R1-RyR1 with caffeine 
(10 mM) or InsP3 (1 4M). Nonspecific binding was 2245 + 211 disintegrations 
per min (d.p.m.). Results (b-g) are means + s.e.m., 1 = 3. 


shown), suggesting that transmembrane domains alone may not 
mediate stimulation of RyR”. 

Conservation of structure—function relationships between InsP3R and 
RyR (Figs 1-4) allows comparisons between them to suggest possible 
mechanisms of InsP3R activation. For both receptors, gating requires 
conformational changes in the large cytoplasmic structures to pass to the 
transmembrane domains'°”’, but the N-terminal domains of InsP3R 
and RyR are at least 60A from these transmembrane domains!?” 
(Fig. 3a and Supplementary Fig. 6). Despite some evidence implicating 
direct interactions between the SD and the loop linking transmembrane 
domains 4 and 5 in gating InsP;R (Supplementary Discussion), we 
suggest, and consistent with results from RyR*°’®’’, that additional 
cytosolic domains couple the NT to opening of the pore. The exposed 
HS loop in the SD (Figs 1d and 3c, d) (HS loop of RyR)*"' is arranged 
similarly within the isolated N-terminal structures of InsP;R and RyR 
(Fig. 1d) and it reorients after InsP; binding (Fig. 2). When the NT is 
docked into the InsP3R structure’®, the HS loop forms (with an exposed 
loop of IBC-B) the only interface between adjacent NT regions. 
However, the equivalent loop is displaced when the ABC is docked into 
the tetrameric RyR structure? (Fig. 3c, d). InsP; binding closes the 
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clam-like IBC, disrupting the B-interface and reorienting the HS loop 
(Fig. 2 and Supplementary Fig. 5). We suggest that this disrupts inter- 
action of the HS loop with a neighbouring NT to cause a coordinated 
rearrangement of the apical InsPR structure (Fig. 3). The open state of 
RyR1 is associated with outward movement of protein density in 
regions that match the locations of docked ABC structures’”’ and with 
larger movements of peripheral ‘clamp domains’ (refs 9, 22) that are 
absent from InsP;R'°. Movement of these apical domains in RyR is 
accompanied by rearrangements within regions that taper towards the 
pore” and which, in InsP3R, include the most flexible parts of its 
structure’®. We suggest that similar rearrangements of the apical sur- 
face of InsP3R and RyR couple to additional cytosolic domains by 
shared mechanisms to gate the pore of each channel. 


METHODS SUMMARY 


The NT residues 1-604 of rat InsP;R1 in which all Cys residues were replaced by 
Ala (NT(Cys-less)) was expressed in Escherichia coli and purified. Crystals of 
NT(Cys-less) were grown by the hanging-drop vapour diffusion method in 
0.1M HEPES pH7.0, 0.8-1.0M (NH,).SO, and 3% (v/v) trimethylamine 
N-oxide for apo-state crystals, or 0.1 M Na citrate (pH 6.0), 8% (w/v) polyethylene 
glycol 6000, 70 mM Li,SO, and 3% dimethyl sulphoxide for InsP3-bound crystals. 
Diffraction data were collected at 100 K on the 19-ID (apo-crystals) or 19-BM 
(InsP3-bound crystals) beam lines at the Advanced Photon Source Synchrotron 
facility and processed with HKL2000 (ref. 28). Structures of apo-NT(Cys-less) at 
3.0 A resolution and InsP3-bound NT(Cys-less) at 3.6 A resolution were deter- 
mined by molecular replacement using structures of the SD (Protein Data Bank 
code 1XZZ)’ and the IBC (1N4K)’ as search models with the program Phaser”. 
Iterative refinement and model building were performed with Refmac5 and Coot, 
respectively. Numbering of secondary structure motifs is in accord with 
Supplementary Fig. 7. Binding of *H-InsP; or *H-ryanodine to full-length 
InsP3R1, chimaeras of InsP3R1 and RyR, and to related NT fragments was defined 
using equilibrium-competition binding assays’. Functional properties of InsP3R1 
and chimaeras were characterized after stable expression in DT40 cells lacking 
endogenous InsP3R*. A luminal Ca’* indicator was used to record InsP3-evoked 
Ca’* release from the intracellular stores of permeabilized DT40 cells‘. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 


Materials. InsP; was from Enzo Life Sciences. Adenophostin A was from A. G. 
Scientific. Ryanodine was from Ascent Scientific. Cyclopiazonic acid was from 
Sigma. Sources of other materials are specified in earlier publications”*’” or 
described below. 

Cloning, expression and purification of N-terminal fragments of InsP;R1 and 
RyR2. The open reading frame (ORF) encoding the NT fragment (residues 1-604) 
of rat InsP3R1 (GenBank accession number GQ233032.1) was amplified by 
polymerase chain reaction (PCR) from the full-length clone lacking the $1 splice 
site using forward 5'-CGGGATCCATGTCTGACAAAATGTCTAGT-3’ and 
reverse 5'-CGCGCTCGAGTCACTTTCGGTTGTTGTGGA-3’ primers. The 
PCR product was ligated into a pGEX-6P-2 vector (GE Healthcare) as a 
BamHI-Xhol fragment to give pGEX(NT), which includes an NT-GST tag fol- 
lowed by a PreScission-cleavage site. To generate NT(Cys-less), a QuikChange 
multisite directed mutagenesis kit (Agilent) was used to mutate all Cys residues to 
Ala using pGEX-6P-2-(NT) as the template and using the primers that are listed in 
Supplementary Table 8. Residues are numbered by reference to rat InsP;R1 con- 
taining the S1 splice site. 

Plasmids encoding GST-tagged IBC (residues 224-604) and IBC(Cys-less) were 
generated using PCR to amplify the appropriate sequence from the ORF of 
full-length rat InsP;R1 or NT(Cys-less) using the following primers: forward 
5'-CGGGATCCATGAAATGGAGTAACAAAG-3’ and reverse 5’'-CGCGCTCG 
AGTCACTTTCGGTTGTTGTGGA-3’. Each PCR product was ligated into a 
pGEX-6P-2 vector as a BamHI-Xhol fragment to produce pGEX-6P-2-(IBC) 
and pGEX-6P-2-(IBC(Cys-less)), respectively. For analysis of the effects of muta- 
tions within the SD on InsP; binding, the plasmids described previously were used 
to express His-tagged NT and IBC’ and the Hisg-tag was cleaved before experi- 
ments*. Mutations were introduced using a QuikChange mutagenesis kit and 
using the primers listed previously* or in Supplementary Table 9. 

The sequence encoding the A domain of RyR2 was amplified by PCR from 
rabbit RyR2 (GenBank: GI164831)* in pcDNA3 using the primers forward 
5'-ACTAGTCTCGAGGTGCTCTTCCAGGGGCCCATGGCTGATGGGGGCG 
AA-3' and reverse 5’-GATATCCTTCACTTCCTGAGCTGATGGG-3’. The ORF 
for the IBC of InsP3R1 was excised from pGEX-6P-2-(NT) as a BamHI-Xhol 
fragment and ligated into a pET41a vector to produce pET41a-(IBC). To generate 
a plasmid encoding a chimaeric NT in which the A domain of RyR2 (residues 
1-210) was fused to the IBC of InsP3R1 (residues 225-604) (RyR2A-IBC), the PCR 
product from above was ligated into pET41a-(IBC) as a SpeI-EcoRV fragment to 
produce pET41a-(RyR2A-IBC). Mutations within the ORF of the A domain of 
RyR2A-IBC were generated by site-directed mutagenesis using the QuikChange 
Lightning mutagenesis kit (Stratagene) using the primers listed in Supplementary 
Table 9. The complete coding sequences of all constructs were confirmed by 
sequencing. The sequences of the proteins used are summarized in Supplemen- 
tary Table 1 and Fig. 4a. 

For structural studies, NT(Cys-less) was expressed as a GST-fusion protein in 
BL21-CodonPlus(DE3) E. coli strain. Transformed cells were first grown at 37 °C 
until the Déoo nm reached ~1.0 and they were then induced with 0.5 mM IPTG at 
15 °C for ~18 h. Proteins were purified using glutathione sepharose 4B resin (GE 
Healthcare), and the GST tag was cleaved from the eluted proteins with 
PreScission protease (GE Healthcare) during overnight dialysis at 4°C in cutting 
buffer (20 mM Tris-HCl, pH 8.4, 300 mM NaCl, 5% glycerol and 2 mM DTT). The 
cleaved proteins were purified further with cation-exchange chromatography 
(Fractogel EMD SO3- resin, EM Industries) and size-exclusion chromatography 
(Superdex 200, GE Healthcare). Purified proteins were concentrated to 14 mg 
ml! in a buffer comprising 20mM Tris-HCl, pH 8.4, 360mM NaCl, 2.5% 
glycerol, 0.2mM TCEP (tris(2-carboxyethyl)phosphine), 1 mM PMSF. Similar 
methods were used to express InsP3R fragments for binding studies, but with 
modifications: bacteria were initially grown at 22°C, the GST tag was cleaved 
by incubation of bacterial lysates that were immobilized on glutathione sepharose 
4B resin with PreScission for 5h in PreScission-cleavage buffer (GE Healthcare). 
The eluent was then used for *H-InsP; binding analyses without further purifica- 
tion. Western blotting and silver-stained gels were used to verify expression and 
purification of NT fragments. 

Western blot analysis. Western blotting of DT40 cells that were solubilized in 
Tris-EDTA medium (TEM) containing Triton X100 (1% v/v) was performed as 
previously described*’ using anti-peptide antisera corresponding to residues 240- 
253 within the IBC (AbNT, 1:1,000) or 2733-2749 (AbCT, 1:500) of rat InsP3R1. 
The secondary antibody was HRP-conjugated donkey anti-rabbit antibody 
(1: 5,000, Santa Cruz Biotechnology). 

7H-InsP; binding. Equilibrium-competition binding assays were performed at 
4°C in TEM (50mM Tris, 1 mM EDTA, pH 8.3) containing 3H-InsP3 (0.75 nM, 
Perkin-Elmer Life Sciences), purified protein (1-4 1g) and unlabelled InsP; in a 
final volume of 500 pl. After a 5-min incubation, during which equilibrium was 
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attained, reactions were terminated by addition of 500 pl of TEM containing 30% 
poly(ethylene glycol) 8000 and y-globulin (750 1g), and centrifugation (20,000g, 
5 min). For *H-InsP, binding to IBC, the amount of 3H-InsP; was reduced to 
0.25 nM, and incubation volumes were doubled. Pellets were solubilized in 200 pl 
of TEM containing 2% Triton X100 (v/v), mixed with EcoScintA scintillation 
liquid (National Diagnostics) and radioactivity was determined by liquid scintil- 
lation counting. Nonspecific binding was determined in the presence of 10 1M 
InsP. Binding results were fitted to a Hill equation (GraphPad Prism, version 5) 
from which pIC59 (—logICso, in which ICs is the half-maximal inhibitory con- 
centration) and thereby pKq (—logKg, where Kg is the equilibrium dissociation 
constant) values were calculated**. 

3H-ryanodine binding. Microsomal membranes were prepared from DT40 cells 
by lysis with a glass homogenizer and sonication in cytosol-like medium (CLM) 
supplemented with protease inhibitors (Roche complete protease inhibitor cocktail), 
followed by centrifugation (50,000g, 30 min). The CLM contained 140 mM KCI, 
20mM NaCl, 1mM EGTA, 20mM PIPES, 2mM MgCl, 375 uM CaCl (free 
[Ca**] of ~220 nM), pH 7. Equilibrium-competition binding was performed with 
microsomal membranes (100 1g protein per ml) at 4°C in 200 pl of CLM supple- 
mented with protease inhibitors and *H-ryanodine (100 nM, Perkin-Elmer Life 
Sciences). Reactions were terminated after 90 min, and radioactivity was determined 
as described for *H-InsP binding. Nonspecific binding was defined by addition of 
10 tM unlabelled ryanodine. 

*H-ryanodine binding to RyR typically requires many hours to reach equilibrium” 

because it binds only to the open state of the channel and spontaneous openings are 
rare. In our analyses of “H-ryanodine binding to InsP3R1-RyR1 (Fig. 4g), equilibrium 
was attained within 90 min, perhaps because the modestly increased spontaneous 
activity of the chimaeric channel (Supplementary Fig. 10b) contributed to an 
increased rate of *H-ryanodine binding to the open state. In parallel comparisons, 
specific binding of *H-ryanodine to InsP3R1-RyR1 expressed in DT40 cells and 
stimulated with InsP (1 1M) was (d.p.m.: mean (range) for 2 independent experi- 
ments): 4,241 (4,073-4,409) after 90 min, 4,941 (4,825-5,058) after 3h, and 4,410 
(4,108-4,712) after 14h. It is, however, important to note that our conclusion that 
InsP; selectively stimulates *H-ryanodine binding to InsP;R1-RyR1 is not dependent 
on having measured binding under equilibrium conditions. 
Crystallization and data collection. Crystals of apo-NT(Cys-less) were grown by 
the hanging-drop vapour diffusion method at 293 K by mixing 1 l of protein with 
an equal volume of reservoir solution (0.1M Hepes, pH7.0, 0.8-1.0M 
(NH,4)2SO,). Using an additives screen, 3% (v/v) trimethylamine N-oxide was 
identified as an important additive to obtain single rod-shaped crystals. After a 
series of microseeding trials, rod-shaped single crystals were obtained within 5 
days. For crystallization of InsP3-bound NT(Cys-less), five molar excess of InsP3 
(~1 mM) was added before crystallization. Crystals of InsP;-bound NT(Cys-less) 
were grown using the same method except for the reservoir solution containing 
0.1M Na citrate (pH 6.0), 8% (w/v) PEG-6000, 70 mM Li,SO, and 3% dimethyl 
sulphoxide. 

For data collection, crystals were equilibrated in 25% glycerol cryoprotective 
solutions containing reservoir buffer, and flash frozen in liquid nitrogen. 
Diffraction data were collected at 100 K on a 19-ID beamline for apo-state crystals 
or 19-BM beamline for InsP3-bound crystals at the Advanced Photon Source 
Synchrotron facility (Argonne National Laboratory), and were processed with 
HKL2000. Crystals of apo-NT(Cys-less) belong to the space group P1 with cell 
dimension a = 63.1 A, b =77.2A,c=101.5A, «= 105.4°, B = 100.0°, y = 101.0°. 
Crystals of InsP;-bound NT(Cys-less) belong to the space group C2 with cell 
dimensions a= 189.2 A, b=78.7A, c=134.1A, x =90.0°, B=124.5°, 
y = 90.0°. Crystals of both apo- and InsP3-bound NT(Cys-less) contained two 
molecules in the asymmetric unit (Supplementary Table 3). 

Structure determination and refinement. Structures of apo-NT(Cys-less) at 
3.0 A resolution and of InsP3-bound NT(Cys-less) at 3.6 A resolution were deter- 
mined by molecular replacement using structures of the SD (PDB code 1XZZ)’ 
and the IBC (PDB code 1N4K)’ as search models with the program Phaser”. 
Iterative refinement and model building were performed with Refmac5 (ref. 33) 
and Coot™, respectively (Supplementary Table 3). Structures of the two molecules 
in the asymmetric unit of apo-NT(Cys-less) are virtually identical (root mean 
squared deviation (r.m.s.d.) value = 0.543 A) except for a minor variation in the 
loop between B-strand 20 and f-strand 21 that does not affect the interpretation of 
our results. The low r.m.s.d. between chain A and chain B is maintained through 
the regions of the molecule that make up the o-interface and -interface, thus 
increasing the validity of our description of the ‘open-clam’ structure. The two 
molecules in the asymmetric unit of InsP3-bound NT(Cys-less) are more 
converged than those of the apo-structure (r.m.s.d. value = 0.134 A), which also 
validates our description of the ‘closed-clam’ structure. The molecule of chain A 
for each state was used to generate figures, but the chain B molecule of apo- 
NT(Cys-less) was used for the side chain of Asp444 in Fig. 1c. All water molecules 
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were modelled in Coot™. Initially, water molecules were detected using the auto- 
matic ‘find waters’ function in the program. A 2F,—F. map was used with a sigma 
cutoff value of 1.0, and minimum and maximum distances to protein atoms of 
2.4A and 3.2 A, respectively. We subsequently picked additional water molecules 
and deleted inappropriate water molecules by manually surveying the density in 
Coot. After refinement, all water molecules exhibiting negative electron density 
due to inconsistent modelling were deleted. 

Circular dichroism analysis. Circular dichroism spectra were collected on a Jasco 
J-720 spectrometer using a 1-mm path length cuvette at 20°C. The NT and 
NT(Cys-less) (0.2 mg ml!) were prepared in a buffer (20mM Tris-HCl, 
pH8.4, 360mM NaCl, 2.5% glycerol, 0.2mM TCEP, 1mM PMSF). Circular 
dichroism spectra were obtained from 260 to 200 nm, with a 2-nm bandwidth, 
an 8-s response time and a scan speed of 50 nm min‘ |. Data are averages of three 
consecutive scans. 

Cloning and functional expression of chimaeric InsP;R. To generate the 
plasmid encoding a chimaeric InsP3R1 in which residues 2274-2748 of InsP3R1 
(all residues downstream of those immediately before TMD1) were replaced by the 
equivalent region from RyR1 (residues 4511-5037) (InsP3R1-RyR1), the appro- 
priate region of the ORF of rabbit RyR1 (GenBank accession number X15209)’° 
was amplified by PCR from the expression vector pcDNA3.2 using the primers 
forward, 5'-CGCGGGTTCGAAGTCCCCGAGGCCCCACCAGAACCCCCC-3’, 
and reverse 5'-CGGGGCGTCCTCGAGTCATTAGCTCAGCTGGTCCTCGTA 
CTGCTTGCGGAAGC-3’. The PCR product was cloned in-frame as a BstBI- 
Xhol fragment into a pENTR1a vector containing nucleotides 1-6822 of rat 
InsP3R1. This construct was transferred into the Gateway-compatible expression 
vector, pcDNA3.2, to generate pcDNA3.2-(InsP;R1-RyR1). A plasmid encoding 
InsP3R that lacked the SD was generated from ORFs for the full-length InsP3R1 
lacking the S1 splice site (pPENTR1A(InsP3R1)) and the IBC (pENTRIA(IBC)). 
Both plasmids were digested with NheIl and Kpnl, and the fragment from 
pENTRIA(IBC) was cloned into pENTRIA(InsP3R1). Site-directed mutagenesis 
was then used to silence 3 internal BamHI sites within this construct without 
affecting the coding sequence to generate the plasmid pENTRIA(InsP3R1*”). 
A plasmid encoding a chimaera in which the SD of InsP3R1 (residues 1-224) was 
replaced by the A domain of RyR1 (residues 1-210) (RyR1A-InsP3R) was prepared 
by isolating the coding sequence for the A domain of RyR1 by PCR from the rabbit 
RyR1 ORF using the primers forward, 5'-GCTAGCATCATGGGTGACGGAG 
GA-3’ and reverse 5'-GGATCCTTCACAGCAGGAGCAGATG-3’. The PCR 
product was cloned as a NheI-BamHI fragment into pENTRIA(InsP;R1°S° ). 
The complete coding sequences of all plasmids were verified by sequencing. 
Domain boundaries of the chimaeric proteins are summarized in Supplemen- 
tary Table 1. 

DT40 cells lacking functional genes for native InsP3Rs (DT40 knockout (DT40- 
KO)) were transfected by electroporation with linearized plasmids (10 pg DNA 
per 10° cells) using the Neon (Invitrogen) or Amaxa (Lonza) nucleofection sys- 
tems. G418 (2 mg ml‘) was used to select and amplify clones of G418-resistant 
cells. Stable cell lines were selected and InsP3R expression was measured by west- 
ern blotting. DT40 cells were cultured in RPMI 1640 medium with L-glutamine 
(Invitrogen) supplemented with 10% fetal bovine serum, 1% heat-inactivated 
chicken serum (both from Sigma) and 101M 2-mercaptoethanol at 37°C in 
humidified air containing 5% CO,. Cells (~2 X 10° cells per ml) were passaged 


every 2-3 days. Similar methods were used for transient transfections with RyR1 
and InsP;R1-NT(Cys-less), but with 50 ig DNA per 3 X 10° cells. 

Functional analyses of InsP;R in DT40 cells. Uptake of Ca** into the intracellular 
stores of saponin-permeabilized DT40 cells and its release by InsP; were measured 
using a low-affinity Ca** indicator (Mag-fluo-4) trapped within the endoplasmic 
reticulum”. All experiments were performed at 20°C in CLM supplemented with 
1.5mM MgATP to allow active Ca** uptake. After the intracellular stores had 
loaded to steady state with Ca”* (~150s), InsP; was added with thapsigargin 
(1M) to prevent further Ca”* uptake (Supplementary Fig. 9). The effects of 
InsP were assessed after a further 10-40 s. InsP;-evoked Ca”* release is expressed 
asa fraction of the ATP-dependent Ca’* uptake. Typical experiments are shown in 
Supplementary Fig. 9. 

Structural model of RyR2A-IBC. A structural homology model of RyR2A-IBC 
(Fig. 4c) was produced using UCSF Chimaera”’ to first superpose the backbone 
structures of apo-NT(Cys-less) and the ABC of RyR1 (PDB, 2XOA), the only RyR 
subtype for which there is a complete NT structure’. This A-domain structure of 
RyRI1 was then used to allow superposition of the A domain from RyR2 (PDB, 
3IM5)””, effectively achieving superposition of NT (Cys-less) onto a ‘virtual’ chimaera 
of RyR2A with RyRIBC. The predicted structure of the RyR2A-IBC was then 
revealed by masking the SD of InsP3R1 and the BC domains of RyR1 (Fig. 4c). 
Computational docking. Rigid-body docking of the apo-NT(Cys-less) structure 
intoa~10A cryo-electron microscopy density map of InsP3R1 (EMDB, EMDB- 
5278) was implemented using the six-dimensional search procedure in the Situs 
Program package**. The Laplacian filter was applied to the density maps to 
enhance the fitting contrast. Docking of the crystal structure of RyR1-ABC 
(PDB, 2XOA) into a 9.6A cryo-electron microscopy density map (EMDB, 
EMDB-1275), as previously described’, was repeated using the above procedure. 
The UCSF Chimera package”’ was used to visualize the docking results with the 
density maps (Fig. 3 and Supplementary Fig. 6). 
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Biosignatures as revealed by spectropolarimetry 


of Earthshine 


Michael F. Sterzik', Stefano Bagnulo? & Enric Palle® 


Low-resolution intensity spectra of Earth’s atmosphere obtained 
from space reveal strong signatures of life (‘biosignatures’), such as 
molecular oxygen and methane with abundances far from chemical 
equilibrium, as well as the presence of a ‘red edge’ (a sharp increase 
of albedo for wavelengths longer than 700 nm) caused by surface 
vegetation’. Light passing through the atmosphere is strongly linearly 
polarized by scattering (from air molecules, aerosols and cloud 
particles) and by reflection (from oceans and land’). Spectro- 
polarimetric observations of local patches of Earth’s sky light from 
the ground contain signatures of oxygen, ozone and water, and are 
used to characterize the properties of clouds and aerosols**. When 
applied to exoplanets, ground-based spectropolarimetry can better 
constrain properties of atmospheres and surfaces than can standard 
intensity spectroscopy’’. Here we report disk-integrated linear 
polarization spectra of Earthshine, which is sunlight that has been 
first reflected by Earth and then reflected back to Earth by the 
Moon’®”’. The observations allow us to determine the fractional 
contribution of clouds and ocean surface, and are sensitive to visible 
areas of vegetation as small as 10 per cent. They represent a bench- 
mark for the diagnostics of the atmospheric composition, mean 
cloud height and surfaces of exoplanets. 

Broadband polarimetric measurements of the disk-integrated Earth 
have been obtained previously'*. Observations of Earthshine at a wave- 
length of 550 nm reported a fraction of linear polarization of about 10% 
for a Sun—-Earth-Moon phase angle near to 90° (quadrature). As the 
lunar surface is responsible for a depolarization of the incident light bya 
factor of ~3.3, the true linear polarization of the disk-integrated light of 
Earth was estimated to be around 30-35% (ref. 14). Modern estimates 
of the Earth’s linear polarization are based on measurements by the 
satellite-borne instrument POLDER in three bands (443 nm, 670 nm 
and 865 nm), and demonstrate strong dependence on cloud cover and 
on wavelength’* . These measurements, however, do not allow a spectral 
analysis, and therefore cannot be used to infer biosignatures. 

Using the Focal Reducer/Low-dispersion Spectrograph (FORS)'® 
mounted at the Very Large Telescope in Chile, we measured the linear 
polarization spectra of Earthshine. Our data were collected during two 
observing epochs with distinct viewing geometries of Earth (observing 
techniques and data reduction details are given in Supplementary 
Information). A detailed breakdown of the surfaces visible in our 
Earthshine observations, derived from MODIS satellite observations’’, 
is given in Table 1. 

The red curves in Figs 1 and 2 display the wavelength (2) depend- 
ence of the fraction of linear polarization, Pa(A) (=Q/L, the polarized 
flux Q over the total flux J, see the definition of the Stokes parameters in 
Supplementary Information), measured in April (Fig. 1) and in June 
(Fig. 2). The shape of the Pg(Z) profile depends mainly on Earth’s 
surface albedo at the time of observations. On 25 April 2011, the 
continuum polarization reaches about 9% at 500nm, and decreases 
smoothly to 4% at 900 nm. The polarization observed on 10 June 2011 
is 3% higher than observed in April. A change of the continuum slope 
occurs visibly in the June spectrum at a wavelength of around 520 nm. 


In particular, the June spectrum matches the observation by Dollfus™ 
of 10% Earthshine polarization at his observing wavelength of 550 nm, 
whereas our April value is smaller. In order to display the detailed 
structure on top of the smooth continuum, we have fitted and sub- 
tracted from the observed PQ(A) profile a fourth-order polynomial 
(between 530 and 910nm). The residual signal 6P(A) shows a rich 
structure at the 0.1% level. A narrow O, A-band (760 nm) is prominent 
in both spectra at a level of almost 1% above the continuum. O, B 
(690 nm) and H,O (720 and 820 nm) bands are broader and with lower 
amplitude. An additional (strong) polarization feature is present in the 
June spectrum close to 850 nm, and a (weak) feature at 854nm. We 
tentatively attribute them to the presence of a variable, thin Ca layer in 
Earth’s ionosphere, recently discovered through observations of the 
transmitted spectrum of the Earth'®. Remarkably, the overall shape of 
the residuals between 550 and 750 nm differs between the two epochs: 
whereas the April spectrum exhibits a broad, shallow peak around 
700 nm, the June spectrum appears rather flat. 

We compared our measurements with the polarization estimated 
from POLDER data", and with published tables of radiative transfer 
models of Earth-like extrasolar planets*. For comparison purposes, 
both POLDER data and model predictions have to be scaled to account 
for the depolarization of the Earthshine caused by reflection from the 


Table 1 | Earth observations 


Observing date 


10 June 2011, 01:00 uT 


Observations 


25 April 2011, 09:00 ut 


View of Earth as seen from 
the Moon 


Sun—Earth-Moon phase 102 
(degrees) 
Ocean fraction in 18 46 
Earthshine (%) 
Vegetation fraction in 7 3 
Earthshine (%) 
Tundra, shrub, ice and 3 1 
desert fraction in 
Earthshine (%) 
Total cloud fraction in 72 50 
Earthshine (%) 
Cloud fraction t > 6 (%) 42 27 
his Table gives the contribution of different types of surface to the Earthshine, determined by mapping 
satellite cloud retrievals from MODIS on the parts of the Earth’s surface that are visible from the Moon at 


the given observing epoch’’. The first observing epoch was before dawn on 25 April 2011, and the 
Earthshine contains contributions from the Atlantic Ocean, the Amazonas region, and parts of Europe 
and Africa. The second observing epoch was after dusk on 10 June 2011, and probes the Pacific side of 
the Earth, with almost no visible land surfaces. The contribution to the Earthshine signal of a given Earth 
region will depend on the solar and lunar zenith angles (the reflectance is a bi-directional property), thus 
the percentage scene types and cloud cover fractions in the Table have been averaged over the whole 
Earthshine-contributing area using these weights?*. The contributions of clear tundra, shrub, desert or 
ice scenes were negligible. 


ley ropean Southern Observatory, Alonso de Cordova 3107, Vitacura, Santiago, Chile. 2Armagh Observatory, College Hill, Armagh BT61 9DG, UK. 3Instituto de Astrofisica de Canarias, Via Lactea s/n, E38205 


La Laguna, Tenerife, Spain. 
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Figure 1 | Polarization spectra observed on 25 April 2011. Red lines show 
observed fractional polarization Pg, black lines show model spectra for 
comparison. Both continuum polarization and residual polarization (derived 
from the continuum by subtracting a polynomial fitted in the wavelength 
region between 530 and 910 nm) are plotted with different scale units on the left 
and right axis to zoom in on the spectral fine-structure. For direct comparison 
with the Earthshine, the model spectra have been reduced in amplitude to 
account for the depolarization caused by the lunar surface’’”®; the different 
linestyles refer to different choices of the model parameters (Table 2). The green 
line refers to the measured Stokes Py as explained in the Supplementary 
Information (same scale as the residuals on the right axis), and is representative 
for the noise level in the spectra. Horizontal hatching between 650-680 nm and 
740-800 nm denotes the NDVI bandpass regions and refers to the 
corresponding residual polarizations. Open triangles, POLDER-based whole- 
Earth polarization estimates at 443 nm, 670 nm and 865 nm with a mean cloud 
coverage of 55%; upper and lower triangles bracket low (10%) or high (90%) 
cloud coverage levels. Open diamond, Dollfus’s estimate of an Earthshine 
polarization of 10% at a phase angle of 80° at 550 nm. An NDVI contrast is 
visible in the data and for model ‘a’, which is consistent with a 10-15% visible 
vegetation content in the Earthshine. 


lunar surface. The lunar depolarization factor is not well determined, 
but roughly correlates with the albedo of the reflecting surfaces’””°. 
Following a classic study’*, we assume a linear increase of depolariza- 
tion (depol) with wavelength, normalized to 3.3 at a wavelength at 
550 nm (depol = 3.34/550, where / is in units of nm). 

The interpretation of the POLDER data depends on the cloud 
coverage at the time of observation and is roughly consistent with 
our continuum values in April, but too low in June. The higher 
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Figure 2 | Polarization spectra observed on 10 June 2011. Lines and symbols 
as for Fig. 1. An NDVI contrast is not evident in the data, and models ‘a’ and ‘c’ 
are consistent with no visible vegetation content in the Earthshine. 
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polarization we observed in June can be qualitatively explained by an 
approximately 20% lower cloud coverage during our Earthshine mea- 
surements than assumed for the disk-integration of the POLDER 
data’’. 

For the comparisons with theoretical predictions, we constructed a 
fine grid of possible Earth spectra from published tables by varying the 
parameters in steps of 1% for the different scene types (ocean clouded or 
clear, and vegetation clouded or clear). Then we compared these models 
with our observations in the wavelength region between 420 nm and 
530 nm. In the blue spectral range, the effect of cloud properties on 
polarization is minor’', and synthetic Earth model polarized spectra 
agree quantitatively with our observations. The parameters of the best 
fitting models are listed in Table 2 (April c and June c). For both observ- 
ing epochs, the modelling results match MODIS-derived cloud coverage 
fractions calculated for clouds having optical depth t > 6. The June 
model—less affected by clouds—approximates the continuum well. 
However, the models* systematically predict polarizations in the red 
part of the continuum that are too low, primarily because of the approx- 
imations used in the models for the cloud microphysics**. Real clouds 
are patchy and, in particular over the ocean, exhibit much larger mean 
effective radii (droplet sizes 12-15 um) and a high variation in their 
optical depth distribution’’. Depending on the underlying surface types, 
higher polarization fractions are thus expected. 

Guided by the actual observed surface scene fractions (Table 1), we 
have calculated more polarization spectra from tabulated model spec- 
tra° with parameters that are other plausible approximations to the real 
surface fractions responsible for the Earthshine spectrum at the epoch 
of the observations (model class parameters ‘a’ and ‘b’). Although these 
models fail to explain the continuum, their residual profiles (generated 
with the same fourth-order polynomial fit and subtraction from the 
continuum as adopted as for the observed spectra) are consistent with 
our observations. 

In Figs 1 and 2, we have hatched (horizontal lines) two bandpass 
regions at 650-680 nm and 740-800 nm and calculated the normalized 
difference vegetation index (NDVI)™. A larger contrast in the con- 
tinuum averages in April than in June is interpreted by the presence of 
a strong vegetation ‘red edge’ signal in April, which is practically 
undetected in June. This feature in the April spectra can be reproduced 
by assuming about 10-15% cloud-free land vegetation (model April a 
of Table 2). A smaller fraction (models April b and c) reduces the 
NDVI contrast too much, while too large a fraction would over- 
estimate the observed feature. Similarly, the June data can best be 
described through little or absent cloud-free vegetation surfaces 
(models June a and c), while a 10% cloud-free vegetation fraction 
produces a NDVI that is too pronounced to be compatible with the 
data (model June b). We estimate that our data are sensitive to varia- 
tions of 5% in the NDVI. Also, the observed polarization peak of the O2 
A feature (and to a lesser extent, O2 B) is fully compatible with the 
models. The amplitude of these features are sensitive to the top of the 
cloud layer, and to the O2 mixing ratio. Our Earthshine observations 
suggest a low top-layer (around 800 hPa), assuming the mixing ratio 
on Earth to be fixed®. The H,O and O; (580 nm) band strengths also 
appear fully consistent with the model. 


Table 2 | Model parameters 


Model Ocean Ocean Vegetation Vegetation Line in 
clouded (%) clear (%) clouded (%) clear (%) Fig. 2 
Aprila 48 40 ) 12 Solid 
April b 60 30 10 0 Dashed 
April c 44 56 ) 0 Dotted 
Junea 40 60 ¢) 0) Solid 
June b 30 60 ¢) 10 Dashed 
Junec 27 73 ) 0) Dotted 


This Table gives fractions of different types of surfaces used to model polarization spectra published in 
tables in ref. 5. Parameters for ‘a’ and ‘b’ models (leftmost column) are guided by observed scene type 
fractions in Table 1. The ‘c’ models are generated through a grid of synthetic spectra and fit the 
observations best within 420 and 530 nm. Note that the ocean clouded fractions agree well with the 
observed cloud fractions for optical depths t > 6 in Table 1. 
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Our spectropolarimetric measurements of the Earthshine constrain 
the Earth’s surface and atmospheric composition and biosignatures. 
Improved vector radiative transfer models with more realistic cloud 
and surface treatment are necessary to fully account for the observed 
spectra. Validation of these models is necessary to interpret Earth-like 
exoplanet polarization spectra. 
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Catalytic functionalization of unactivated primary 
C-H bonds directed by an alcohol 


Eric M. Simmons'} & John F. Hartwig't 


New synthetic methods for the catalytic functionalization of C-H 
bonds have the potential to revolutionize the synthesis of complex 
molecules’ *. However, the realization of this synthetic potential 
requires the ability to functionalize selectively one C-H bond ina 
compound containing many such bonds and an array of functional 
groups. The site-selective functionalization of aliphatic C-H bonds 
is one of the greatest challenges that must be met for C-H bond 
functionalization to be used widely in complex-molecule syn- 
thesis'***, and processes catalysed by transition-metals provide 
the opportunity to control selectivity’*. Current methods for 
catalytic, aliphatic C-H bond functionalization typically rely on 
the presence of one inherently reactive C-H bond”, or on installa- 
tion and subsequent removal of directing groups that are not com- 
ponents of the desired molecule*. To overcome these limitations, 
we sought catalysts and reagents that would facilitate aliphatic 
C-H bond functionalization at a single site, with chemoselectivity 
derived from the properties of the catalyst and site-selectivity 
directed by common functional groups'’ contained in both the 
reactant and the desired product. Here we show that the combina- 
tion of an iridium-phenanthroline catalyst and a dihydridosilane 
reagent leads to the site-selective y-functionalization of primary 
C-H bonds controlled by a hydroxyl group, the most common 
functional group in natural products’*. The scope of the reaction 
encompasses alcohols and ketones bearing many substitution 
patterns and auxiliary functional groups; this broad scope suggests 
that this methodology will be suitable for the site-selective and 
diastereoselective functionalization of complex natural products. 

Our strategy for the functionalization of aliphatic C-H bonds directed 
by hydroxyl groups is outlined below: 


Ir-catalysed Et, 


‘i Zul. : ; 25) OH 
1 H Et,SiH, O° “H ~ C-Hsilylation 10) [O] Y 
eta eae 8 ————* R = Ay 
y catalyst 1 H 1 Ry 
R, Ry 
or R, H 
1b 2 3 4 


In this approach, a single dihydridosilane reagent has two roles. 
First, the silane attaches to the oxygen atom of an alcohol (la) or 
ketone (1b) by forming a (hydrido)silyl ether (2) to direct the C-H 
bond functionalization. The (hydrido)silyl ether is formed by 
dehydrogenative coupling with the alcohol or by hydrosilylation of 
the ketone. Second, the Si-H unit of the silyl ether undergoes 
dehydrogenative functionalization of a primary C-H bond without 
isolation of the intermediate (hydrido)silyl ether. Tamao-Fleming 
oxidation of the oxasilolane (3) formed by this process then yields a 
1,3-diol (4) from a net 1,4-hydroxyl-directed, aliphatic C-H bond 
functionalization. On the basis of our recently developed, iridium- 
catalysed silylation of aromatic C-H bonds”, we anticipated that both 
silylation reactions could be catalysed by iridium complexes’?™*. 
However, successful implementation of this strategy would require 
the identification of a catalyst that is reactive for the silylation of 
unactivated aliphatic C-H bonds, not just the silylation of typically 
more reactive aromatic C-H bonds. It would also require that 
the directing effect be strong enough to ensure that intermolecular 


functionalization of aromatic C-H bonds would not interfere with 
the desired directed functionalization of an aliphatic C-H bond. 

We began by evaluating iridium complexes containing a series of 
bipyridine ligands (L) as catalysts for the dehydrogenative cyclization 
of (hydrido)silyl ether (5), generated in situ by an iridium-catalysed 
dehydrogenative coupling of diethylsilane (Et,SiH,) with tetrahydro- 
linalool. The reaction is outlined below: 

Et, 
ic [Ir(cod)OMe}], (0.5 mol %), 


Me yg OH 1 (1.2mol %), nbe(1.2equiv) “Me Me O-SIEt 
thee) ibe (-2eduie 
Pee ee THF, 80°C, 15h Me 
5 6 


In the presence of 1.0mol% of a combination of [Ir(cod)OMe], 
(cod, 1,5-cyclooctadiene; Me, methyl group) and 1,10-phenanthroline 
(phen), with norbornene (nbe) as an H; acceptor’’, we observed 77% 
conversion of 5 to form oxasilolane (6) in 68% yield (Table 1a). The 
same reaction conducted with 4,4’-di-tert-butylbipyridine (dtbpy), the 
most commonly used ligand for iridium-catalysed arene borylation”’, 
occurred with only slightly higher conversion and yield (Table 1b). To 
probe systematically the effect of the electronic properties of ancillary 
ligands on iridium-catalysed aliphatic C-H bond silylation, we 
conducted reactions with catalysts generated from a series of 4,7- 
disubstituted phenanthroline derivatives (Table 1c-g). Reactions con- 
ducted with the more electron-donating ligands occurred to higher 
relative conversions and formed the silylation product in higher yields 
than did reactions conducted with the less electron-donating ligands’®. 
Ultimately, we obtained the highest yield of 6 with a catalyst containing 
3,4,7,8-tetramethyl-1,10-phenanthroline (Me,phen, Table 1h), the 
most electron-donating phenanthroline derivative in this series’®. 

After identifying a suitable catalyst for aliphatic C-H bond silyla- 
tion, we developed a telescoped procedure for transformation of a 
starting alcohol (7) or ketone (8) to a 1,3-diol (Fig. 1). Following 
iridium-catalysed aliphatic C-H silylation, we obtained the diol simply 
by adding MeOH, KHCO; and aqueous HO, to the crude silylation 
reaction mixture and heating at 50°C. To provide compounds that 
were easily purified by silica-gel chromatography, we acylated the diols 
thus obtained before isolation. Figure 1 shows a series of products 


Table 1 | Examination of bipyridine ligands for aliphatic C-H bond 
silylation (5 — 6) 


Ligand, L Conversion Yield 
a phen 77% 68% 
b dtbpy 83% 76% 
c 4,7-Clophen 13% <2% 
d 4,7-(HO)sphen 33% 19% 
e 4,7-Phaphen 82% 72% 
f 4,7-Mezphen 94% 85% 
g 4,7-(MeO)zphen 94% 87% 
h 3,4,7,8-Me,phen 100% 99% 


Corrected, overall gas chromatography yields (0.25-mmol scale) with dodecane as an internal standard. 
Reagents and conditions: tetrahydrolinalool (1.0 equiv.), EtsSiH» (1.2 equiv.), [Ir(cod)OMe]> (0.05 mol %), 
THF, room temperature, 17 h; removal of volatiles, then [lr(cod)OMe]» (0.5 mol %), ligand (1.2 mol %), nbe 
(1.2 equiv.), THF, 80°C, 15h. For full experimental details, see the Supplementary Information. 
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Figure 1 | Hydroxyl-directed y-oxygenation of secondary and tertiary 
alcohols and ketones. Overall isolated yields for reactions conducted on a 1.0- 
mmol scale following purification by silica-gel chromatography. Reagents and 
conditions: a, 7 (to give products marked *) or 8 (products marked **) 

(1.0 equiv.), Et,SiH» (1.2 equiv.), [Ir(cod)OMe], (0.05 mol %), THF, room 
temperature (rt); removal of volatiles, then [Ir(cod)OMe], (0.5 mol %), 
Meaphen (1.2 mol %), nbe (1.2 equiv.), THF, 80-100 °C. b, KHCOs3 (2.5 equiv.), 
30% aqueous HO, (10 equiv.), THF/MeOH, 50 °C. ¢, Ac ,O (1.5-3.0 equiv.), 
DMAP (0-0.05 equiv.), CH2Cl:/Et;N, room temperature. Ac2O, acetic 
anhydride; DMAP, 4-dimethylaminopyridine; Et,N, triethylamine. For full 
experimental details, see the Supplementary Information. 


prepared by this sequence of C-H silylation and oxidation. Both tertiary 
(9a) and secondary acyclic alcohols (9b, c) underwent aliphatic C-H 
bond oxygenation with comparable efficiency. Under most conditions, 
oxygenation of a primary C-H bond in the presence of a secondary 
alcohol would be challenging because of competitive oxidation of the 
secondary alcohol to the corresponding ketone. Our strategy allows an 
overall oxidation of a primary C-H bond in the presence of a secondary 
alcohol because it uses a mildly reducing silane as the functionalizing 
reagent. 

Reactions of phenols (9d) and cyclic aliphatic alcohols (9e, f) 
also occurred under these conditions in good yields. The C-H func- 
tionalization of cyclic alcohols proved insensitive to the stere- 
ochemistry of the ring fusion in the bicyclic oxasilolane intermediate; 
trans- and cis-2-methylcyclohexanol underwent this process in similar 
yields (9e, f). However, the reaction of an acyclic substrate bearing 
diastereotopic methyl groups formed 9g as the major product with 
significant diastereoselectivity (82:18 dr), resulting from C-H bond 
silylation to form the less strained trans-disubstituted oxasilolane 
intermediate. 

The products in Fig. 2 illustrate the range of functional groups that 
are tolerated by the aliphatic C-H bond oxygenation sequence. Aryl 
halides (9h, i), an aryl trifluoromethyl group (9j), and an internal 
carbon-carbon double bond (9k) were all compatible with the reaction 
conditions. The sequence also tolerated phenols protected as the 


LETTER 


corresponding benzyl or silyl ethers (91-n); protected catechols (90); 
and aliphatic alcohols protected with trialkylsilyl groups (9p, q). 
Although aldehydes were not compatible, the C-H functionalization 
occurred in high yield when this functionality was masked as an acetal 
(9r). None of the examples in Fig. 2 suffered from competing intra- or 
intermolecular aromatic C-H bond functionalization, an observation 
that is particularly striking for 91, which contains three unhindered 
aromatic C-H bonds. Because the catalyst for the present aliphatic 
C-H silylation is similar to that used most commonly for aromatic 
C-H borylation”®, the absence of products from aromatic functionali- 
zation can be attributed to the powerful directing ability of the (hydri- 
do)silyl group to promote selective functionalization of a 6-C-H bond. 

Whereas a tert-butyl ester was tolerated by our standard conditions 
(9s), methyl ester, amide, ketone and carbamate functional groups 
underwent competitive hydrosilylation when forming the silyl ether 
in the presence of the iridium catalyst. However, diethyl(hydrido)silyl 
ethers formed from the coupling of Et,SiH, with alcohols containing 
auxiliary methyl ester, ketone and carbamate moieties without compet- 
itive reduction of the carbonyl functionalities in the presence of 
0.2 mol % of the ruthenium complex Ru(PPh3)3Cl, (ref. 17) in which 
Ph is a phenyl group. Moreover, the carbonyl groups in these com- 
pounds were compatible with the C-H silylation process and sub- 
sequent Tamao-Fleming oxidation; thus, we obtained diol derivatives 
9t, 9v and 9w in good overall yield from the starting alcohols. A small 
amount of carbonyl hydrosilylation occurred during ruthenium- 
catalysed silylation of the alcohol containing an amide functional group, 
but we still obtained diol product 9u in 52% overall yield. 

Because the iridium-catalysed C-H functionalization tolerates 
auxiliary functionality and is highly selective for reaction at a single 
C-H bond, it allows site-selective y-functionalization of natural pro- 
ducts bearing hydroxyl and carbonyl groups (Fig. 3). The reaction of 
(+)-fenchol (10) under our standard conditions led to selective func- 
tionalization of the C9 methyl group, directed by the C2 hydroxyl 
group, to generate 9-hydroxyfenchol diacetate (1la) in 66% yield 
(Fig. 3a). Previously, 11a was accessed indirectly from other terpene 
skeletons by multi-step rearrangement sequences’’; direct oxidation of 
(+)-fenchol at the C9 position by fermentation formed diol 11b in 
only 4.0% yield and was accompanied by three further diol isomers”. 
Exo-selective hydrosilylation of (+)-camphor (12) catalysed by 
0.05 mol % [Ir(coe)Cl]2, in which coe is cyclooctene (92:8 exo/endo), 
followed by directed C-H functionalization at the C10 methyl group, 
gave 13ain 57% yield. The previous synthesis of exo-2,10-camphanediol 
(13b) began with the significantly more expensive (+)-ketopinic 
acid”. 

Finally, we conducted the iridium-catalysed selective functionaliza- 
tion of a pair of triterpenoid saponin aglycons. Triterpenoid saponins 
(for example, 15, in which R, = sugar, Fig. 3b) exhibit a range of 
biological activities, including anti-inflammatory, anti-fungal, anti- 
leishmanial and anti-tumour properties*’. Together with the 
carbohydrate portions of saponins, the aglycon moiety is important 
in modulating biological activity; for example, C23-hydroxylated 
saponins possess strong haemolytic activity*’. Because the extraction 
of saponins from natural sources can be time-consuming and low- 
yielding, laboratory synthesis from the corresponding aglycon is often 
the preferred method to gain material for biological studies”', and 
syntheses of both natural and non-natural saponins starting from 
methyl hederagenate (15b) have been described*'. The potent bio- 
logical activity of saponins bearing a C23-hydroxylated aglycon, 
coupled with the broader availability of the C23-unfunctionalized 
materials, suggest that a general method for chemoselective C23- 
oxygenation (for example, 14— 15) would provide a short synthesis 
of saponins that would otherwise be challenging to access. An earlier 
synthesis of hederagenin (15a) from oleanolic acid (14a) required ten 
steps and proceeded with 36% overall yield”. 

As shown in Fig. 3b, our iridium-catalysed silylation of aliphatic 
C-H bonds converted methyl oleanate (14b) to methyl hederagenate 
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b KHCO,, H,O,, 
THF/MeOH, 50 °C 


OH oO 
RAY or ete 
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Figure 2 | Functional-group tolerance of 
hydroxyl-directed y-oxygenation. Overall 
isolated yields for reactions conducted on a 1.0- 
mmol scale following purification by silica-gel 
chromatography. Reagents and conditions: a, 7 (to 
give products marked *) or 8 (products marked **) 


mon 
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(1.0 equiv.), Et,SiH, (1.2 equiv.), [Ir(cod)OMe], 
(0.05 mol %), THF, room temperature; removal of 
volatiles, then [Ir(cod)OMe], (0.5 mol %), 
Meyphen (1.2 mol %), nbe (1.2 equiv.), THF, 100- 
120 °C. b, KHCO; (2.5 equiv.), 30% aqueous HO 
(10 equiv.), THF/MeOH, 50°C. ¢, Ac,O (1.5- 

3.0 equiv.), DMAP (0-0.05 equiv.), CH2Cl,/Et3N, 
room temperature. For compounds 9t, 9u, 9v and 
9w, step a (first half) used Ru(PPh3)3Cl. 

(0.2 mol %) in benzene or toluene at 50 °C. For 
compound 9u, step a (second half) used 2 mol % 
[Ir]/Megphen. For full experimental details, see the 


ae TBS, R=H, 68%*™* 
R, = TBS, al 64%* 


90 62%" 9p R= TIPS, 73%" Supplementary Information. 
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(15b) in three steps and 61% overall yield, without isolation of any 
intermediates. Similarly, selective oxygenation of the C23 methyl 
group of methyl glycyrrhetinate (16) provided diol 17a in 51% overall 
yield. C24-hydroxylated glycyrrhetinate derivative 17b has previously 
been obtained from Glycyrrhiza uralensis”, but the C23-hydroxylated 


diastereomer 17a has not been reported. On the basis of these results, 
we anticipate that this iridium-catalysed C-H bond functionalization 
should be suitable for the hydroxyl-directed C23-functionalization ofa 
series of triterpenoids, enabling the preparation of both natural and 
unnatural derivatives. 


a 7 scat ; Figure 3 | Directed aliphatic C-H 
/ 2 /| eee aad aaa sass! | 2 | a 10 functionalization of natural products. 
van : ee am oR (4.0% yield of 11b) a, Directed y-functionalization of the 
2's monoterpenes fenchol (10) and camphor 
(+)-fenchol (10) (66% yield of 1 1a) ' Hrd a = a ref. 19 (12). b, Hydroxyl-directed -functionalization of 
7 the triterpenoid saponins methyl oleanate 
(14b) and methyl glycyrrhetinate (16). For full 
1 Ir-catalysed silylation 3 steps experimental details, see the Supplementary 
ee OR Information. 
wo 2 KHCO,, H,0, w{ ? (64% yield of 13b) Ho,c YY 
3 Ac,O, Et,N OR 
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14b R= Me, methyl oleanate 
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The hydroxyl-directed functionalization of primary C-H bonds 
that we have developed overcomes several limitations and com- 
plements the scope of current methods for aliphatic C-H bond func- 
tionalization. The regioselectivity is distinct from that of classical, 
stoichiometric methods for 1,5-functionalization**, which involve 
radical intermediates and often require strongly electrophilic reagents; 
the selectivity for reactions of primary C-H bonds distinguishes our 
method from more recent alcohol-directed 1,4-functionalizations, 
which occur only with weaker benzylic and tertiary C-H bonds*”*. 
Furthermore, by our method, a single reagent docks at the existing 
functional group and effects the C-H functionalization process. 
Previous methods for catalytic, directed functionalization of aliphatic 
C-H bonds, which inspired the design of the current system, have led 
to regioselective functionalization of neighbouring C-H bonds but 
require installation and removal of a separate directing group before 
and after the C-H bond functionalization and purification of the inter- 
mediates”’*. Finally, the iridium catalyst reacts with primary C-H 
bonds in preference to secondary C-H bonds, and this selectivity 
complements that of non-directed oxidations that typically occur at 
the weaker and more electron-rich C-H bonds*’°”’. Considering the 
high selectivity of this process, the tolerance for auxiliary functionality, 
and the complementarity with radical-based reactions and direct oxi- 
dations, this method is suitable for both de novo synthesis of complex 
organic molecules and derivatization of natural products. It should 
inspire the development of related strategies for selective C-H bond 
functionalization with reagents that both dock at existing functional 
groups and deliver functionality to a single C-H bond”. 


METHODS SUMMARY 


We assembled iridium-catalysed silylation reactions under a nitrogen atmosphere 
using oven-dried glassware and dry, deoxygenated solvents. We assembled Tamao- 
Fleming oxidation reactions under air using commercial-grade solvents. We mon- 
itored reactions using gas chromatography (with a mass spectral detector or a flame 
ionization detector) or 'H nuclear magnetic resonance (NMR) spectroscopy. 
General procedure for iridium-catalysed, directed aliphatic C-H bond func- 
tionalization. We dissolved an alcohol or ketone substrate in tetrahydrofuran 
(THF) and treated it with a freshly prepared solution of [Ir(cod)OMe], 
(0.05 mol %) in THF and then with neat Et,SiH, (1.2 equiv.). We stirred the 
resulting solution at room temperature (23 °C) until we observed complete con- 
version of the alcohol or ketone to the corresponding diethyl(hydrido)silyl ether. 
We then placed the reaction mixture under high vacuum for 1h. We treated the 
concentrated diethyl(hydrido)silyl ether sequentially with freshly prepared solu- 
tions of nbe (1.2 equiv.) in THF and [Ir(cod)OMe], (0.5 mol %) in THF, and then 
with a slurry of Me,phen (1.25 mol %) in THF. We stirred the resulting solution at 
room temperature for 1h and then heated it at 80-120°C until we observed 
complete conversion to the corresponding oxasilolane. We then treated the crude 
reaction mixture containing the oxasilolane sequentially with MeOH, KHCO; 
(2.5 equiv.) and H30, (30% solution in HO, 10 equiv.), and stirred the resulting 
mixture overnight at 50°C. We carefully quenched the reaction with aqueous 
NaHSO;, and extracted the resulting mixture with EtOAc. We washed the com- 
bined organic layers sequentially with 1 M HCl and saturated NaHCOs, and then 
dried them with MgSO,. We filtered the resulting organic layer through Celite and 
concentrated it to provide the crude diol, which we either purified directly or 
converted to the corresponding acetate derivative through treatment with Ac,O 
and Et3N. For full experimental details and characterization of all new compounds, 
along with copies of 'H and '*C NMR spectra, see Supplementary Information. 
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Opposite effects of fear conditioning and extinction 
on dendritic spine remodelling 
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It is generally believed that fear extinction is a form of new learning 
that inhibits rather than erases previously acquired fear memories’ *. 
Although this view has gained much support from behavioural and 
electrophysiological studies''°, the hypothesis that extinction causes 
the partial erasure of fear memories remains viable. Using trans- 
cranial two-photon microscopy'’”’, we investigated how neural 
circuits are modified by fear learning and extinction by examining 
the formation and elimination of postsynaptic dendritic spines of 
layer-V pyramidal neurons in the mouse frontal association cortex. 
Here we show that fear conditioning by pairing an auditory cue with 
a footshock increases the rate of spine elimination. By contrast, fear 
extinction by repeated presentation of the same auditory cue without 
a footshock increases the rate of spine formation. The degrees of 
spine remodelling induced by fear conditioning and extinction 
strongly correlate with the expression and extinction of conditioned 
fear responses, respectively. Notably, spine elimination and forma- 
tion induced by fear conditioning and extinction occur on the same 
dendritic branches in a cue- and location-specific manner: cue- 
specific extinction causes formation of dendritic spines within a 
distance of two micrometres from spines that were eliminated 
after fear conditioning. Furthermore, reconditioning preferentially 
induces elimination of dendritic spines that were formed after extinc- 
tion. Thus, within vastly complex neuronal networks, fear condition- 
ing, extinction and reconditioning lead to opposing changes at the 
level of individual synapses. These findings also suggest that fear 
memory traces are partially erased after extinction. 

Classical fear conditioning is widely used to study associative learn- 
ing in which a conditioned neutral stimulus (CS; for example an 
auditory cue) is paired with the presentation of an unconditioned 
aversive stimulus (US; for example a footshock) to elicit a conditioned 
response’? (CR; for example a freezing response to CS in the absence of 
US). Repeated exposures to CS diminish the expression of the CR, a 
process called extinction’ ’. It is widely believed that fear extinction 
involves new learning of the ‘safe’ association between CS and the 
absence of US, rather than an erasure of the original CS-US asso- 
ciation’*. This theory is supported by behavioural studies of 
spontaneous recovery, renewal and reinstatement of fear memory after 
extinction’®. Furthermore, fear conditioning and extinction regulate 
activities of non-overlapping neuronal populations in the amygdala, 
hippocampus and frontolimbic cortex’""°. Although these behavioural 
and electrophysiological studies suggest that fear memories are stored 
in different circuits from extinction memories, they do not exclude 
the possibility that extinction may cause a partial erasure of fear 
memory traces. In support of the second view, it has been found that 
spontaneous recovery of fear memories is minimal after extinction 
training in young animals'*. Furthermore, fear conditioning and 
extinction are accompanied by an increase or decrease in synaptic 
activity in amygdala'° and in the expression level of signalling 
molecules involved in memory formation'®’. 

To investigate how fear conditioning and extinction affect synaptic 
circuits to result in opposite behavioural responses, we used transcranial 


two-photon microscopy to examine the formation and elimination of 
postsynaptic dendritic spines of layer-V pyramidal neurons in the dorsal 
medial region of the frontal association cortex’?’*"? (FrA; Fig. la). We 
chose FrA to investigate synaptic changes associated with fear condi- 
tioning and extinction for the following reasons. First, consistent with 
previous reports in rats*’’’, we observed reciprocal connections 
between the mouse FrA and amygdala (Fig. 1b, c and Supplementary 
Figs 1 and 2), suggesting that this cortical region interacts directly with 
the amygdala to participate in fear learning and extinction. Second, 
consistent with findings in rats that FrA is important for fear memory 
consolidation”, we found that after fear conditioning or extinction, 
inactivation of the mouse FrA by muscimol injection impaired the 
consolidation of fear and extinction memories (Supplementary Fig. 3). 
Lastly, unlike prelimbic and infralimbic regions that are important for 
fear expression and extinction but located deep in the brain”**’, FrA is 
accessible for in vivo two-photon imaging of dendritic spine plasticity. 

Using two-photon microscopy and YFP-expressing transgenic 
mice'’””, we first examined whether fear conditioning affected spine 
formation and elimination over 48 h in FrA (Fig. 1d, f). In these experi- 
ments, one-month-old mice were imaged and then subjected to one 
of four stimulus conditions: three tones each paired with a co- 
terminating footshock; three tones each temporally unpaired from a 
footshock; three tones only; or three footshocks only. Forty-eight hours 
after fear conditioning, we put mice through a tone-cued recall test to 
assess conditioned freezing responses, followed by a second imaging 
session to examine spine dynamics. We found that only the CS-US 
paired group, but none of the other groups, showed robust freezing 
responses during the recall test (F(3,16) = 18.689, P< 0.001; Fig. le). 
Notably, only the paired group showed a significant increase in spine 
elimination after 48 h when compared with the unpaired, tone-only or 
shock-only groups (17.4 + 2.3% versus 9.7 + 1.9%, 10.1 + 1.1% or 
10.0% + 1.3%, respectively; F(3,16) = 24.569, P < 0.001; Fig. 1f; see also 
Supplementary Fig. 4). We did not observe a significant difference in 
spine formation among the four groups (Fis. 16) = 0.164, P > 0.9; Fig. 1f 
and Supplementary Fig. 4). There were also no significant differences 
in the formation and elimination rates of dendritic filopodia, that is, 
precursors of dendritic spines”, among different groups (Supplemen- 
tary Fig. 5). These results indicate that fear conditioning by CS-US 
association causes dendritic spine elimination over 2 d in FrA. 

To investigate the impact of fear conditioning further, we examined 
freezing responses and spine dynamics in the paired and unpaired 
groups 9 d after conditioning. A recall test showed that mice subjected 
to the paired CS-US stimuli showed a higher level of conditioned 
freezing responses than mice exposed to the unpaired CS-US stimuli 
(P < 0.001; Fig. 1g). Furthermore, spine elimination over 9 d was sig- 
nificantly higher in the paired group than in the unpaired control 
group (P < 0.05; Fig. 1h). No significant differences in spine formation 
were observed between the two groups (P > 0.05; Fig. 1h). Thus, spine 
elimination induced by fear conditioning represents a long-lasting 
synaptic change in FrA. In addition, we found a significant increase 
in spine elimination but not formation as early as 24h after fear 
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Figure 1 | Fear conditioning causes spine elimination. a, Diagram of a 
coronal section of frontal association cortex (FrA) showing the imaging site 
(cyan bar). PL, prelimbic cortex. b, c, Neurons labelled with Mini-Ruby dye 
(b, red) in FrA have extensive axonal arborizations in amygdala (c, red). The 
arrow and arrowhead in c respectively indicate yellow fluorescent protein 
(YFP)-positive and -negative neuronal soma labelled with Mini-Ruby in 
amygdala (see also Supplementary Fig. 1). d, Representative images of dendrites 
before and after conditioning in the unpaired and paired groups. Arrows and 
arrowheads indicate spine formation and elimination, respectively. Asterisks 
mark filopodia. e, Percentage of freezing in different groups before and during 


conditioning in FrA (Supplementary Fig. 6a). However, no significant 
increases in dendritic spine elimination or formation were observed 
24h after fear conditioning in the barrel cortex (Supplementary Fig. 6b). 
Together, these results indicate that fear conditioning causes rapid and 
long-lasting spine elimination in FrA, but not in all cortical regions. 

Notably, we observed that, 48 h after fear conditioning, the percentage 
of spine elimination correlated significantly with the degree of freezing 
responses to CS (r = 0.765 (correlation coefficient), P< 0.001; Fig. 1i). 
By contrast, there was no significant correlation between the degree of 
spine formation and freezing responses (r = —0.201, P > 0.3; Fig. 1)). 
Furthermore, 9 d after training, freezing responses in the paired group 
correlated significantly with spine elimination (r= 0.895, P< 0.05; 
Fig. 1k) but not spine formation (r= 0.055, P> 0.3; Fig. 11). These 
findings suggest that spine elimination induced by fear conditioning 
represents an important synaptic change that strongly predicts the con- 
ditioned freezing response. 

To determine whether fear extinction affects spine dynamics, we 
subjected mice to fear conditioning as before, followed by 2 d of extinc- 
tion training through repeated presentation of CS in the absence of 
footshocks (five trials per day) (Fig. 2a). Dendritic spines in FrA were 
imaged before and after extinction training, and spine dynamics were 
compared between fear-conditioned mice with and without extinc- 
tion. Consistent with the reported effectiveness of our extinction pro- 
tocol’, the conditioned freezing response was significantly reduced in 
the extinction group (P< 0.001) but not in the no-extinction group 
(P > 0.3; Fig. 2b). After 2 d of extinction, we found that spine forma- 
tion was significantly higher in the extinction group than in the no- 
extinction group (16.5 + 2.6% versus 8.3 + 1.2%, P< 0.001; Fig. 2c). 
By contrast, no significant difference in spine elimination was 
observed after extinction (P > 0.2; Fig. 2c). There were also no signifi- 
cant differences in the formation and elimination rates of dendritic 
filopodia after extinction (Supplementary Fig. 7). Notably, the freezing 
response to CS after extinction showed a significant inverse correlation 
with spine formation (r = —0.809, P < 0.01; Fig. 2d) but not with spine 
elimination (r = —0.250, P > 0.4; Fig. 2e). Thus, by contrast with fear 
conditioning, extinction induces new spine formation, the degree of 
which predicts the effectiveness of extinction training in reducing 
conditioned freezing responses. 
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CS presentation 48 h after conditioning. f, Percentage of spine elimination and 
formation 48 h after conditioning (n = 5 for each group). Only the paired group 
showed an increase in freezing response (e) and spine elimination 

(f). g, Freezing responses of the paired and unpaired groups 9 d after 
conditioning. h, Percentage of spine elimination and formation over 9 d. 
(Unpaired, n = 4; paired, n = 5.) i-l Freezing response correlated with spine 
elimination but not formation over either 48 h (i, j) or 9 d (k, I). Each circle in 
i-l represents an animal. ***P < 0.001, *P < 0.05. Data show mean + s.e.m. 
(e, g) or mean + s.d. (f, h). Scale bars: 100 [um (b, c); 4 um (d). 


A recent study has shown that a fraction of new spines induced by 
novel sensory and motor learning experiences persist over months’”. 
To determine whether new spines induced by extinction are long 
lasting, we subjected mice to fear conditioning followed by extinction 
training as described above. On day 12,7 d after extinction training, we 
performed a recall test to assess the extinction memory and then re- 
imaged mice to determine the persistence of spines formed over the 
2-d extinction training (Fig. 2a). We found that the acquired extinction 
memory was intact 7 d after extinction training (Fig. 2f). Furthermore, 
the percentage of new spines persisting until day 12 was inversely 
correlated with the freezing response to the CS (r= —0.899, 
P< 0.05; Fig. 2g). Thus, long-lasting new spines induced by extinction 
training may contribute to the preservation of the extinction memory. 

Our results so far indicate that fear conditioning predominantly 
promotes spine elimination whereas extinction mainly induces spine 
formation. To determine whether fear conditioning and extinction 
cause spine remodelling on the same or different dendritic branches, 
we measured the percentage of spine elimination after fear condition- 
ing and the percentage of spine formation after extinction along indi- 
vidual dendritic branches 15-50uum in length (average length, 
27.6 + 9.3 um). We found that the percentage of spine elimination 
after fear conditioning positively correlated with the percentage of 
spine formation after extinction (“CS/tone-A extinction’; n = 6 mice, 
40 branches, r = 0.458, P < 0.01; Fig. 3b, e). By contrast, no significant 
correlation was observed in the no-extinction group (n = 5 mice, 25 
branches, r = 0.240, P > 0.2; Fig. 3a, d). Furthermore, when a different 
cue (tone B) was presented repeatedly instead of the cue originally used 
for fear conditioning (tone A), no significant correlation was observed 
between spine elimination and formation (‘tone B’} nm =5 mice, 41 
branches, r = 0.231, P > 0.1; Fig. 3c, f). These results suggest that cue- 
specific extinction induces spine formation on the dendritic branches 
on which fear conditioning previously caused spine elimination. 

Further to understand how fear conditioning and extinction impact 
synaptic connectivity on the same dendritic branches, we measured 
the distance between the site of conditioning-induced spine elimina- 
tion and the closest site of extinction-induced spine formation. In the 
extinction group, 57.3 + 5.5% of extinction-induced new spines were 
located within 2 1m of either side of a spine that had previously been 
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Figure 2 | Fear extinction induces spine formation. a, Timeline of 
experimental manipulations and imaging. b, Percentage of freezing during the 
recall test and extinction training. Freezing in the extinction group (n = 10) was 
lower than the no-extinction group (m = 5, P< 0.001). ¢, Extinction 
significantly increased spine formation (P < 0.001). d, e, Percentage of freezing 
after extinction was inversely correlated with spine formation (d) but not 
elimination (e). Extinction training was performed on two consecutive days 
(Ext-1 and Ext-2). Freezing in the last trial of Ext-2 in b was plotted in d and 
e. f, Percentage of freezing in the recall tests and during the last trials of 
extinction on days 4 and 5. Decreased freezing after extinction persisted for 7 d 
as shown in the recall test (R-3). There was no significant difference in freezing 
between the last trial of Ext-2 and R-3 (n = 6, P> 0.1). g, New spines induced 
by extinction and persisting on day 7 inversely correlated with freezing 
response. ***P < 0.001. Data show mean = s.e.m. (b, f) or mean + s.d. (c). 


eliminated after conditioning. In the groups that did not undergo 
extinction or were exposed to tone B instead of the conditioned stimu- 
lus (CS/tone A), only 24.9+ 1.4% or 244+ 4.9% of new spines, 
respectively, were formed within 2 1m of spines previously eliminated 
by conditioning (Fig. 3g). Moreover, within a distance of 2 ,1m from 
sites of spine elimination, ~80% of newly formed spines in all groups 
were oriented within 90° of previously eliminated spines. Beyond 
2m, the likelihood of newly formed spines being oriented within 
90° of previously eliminated spines decreased to chance levels 
(~50%) (Fig. 3h). These results indicate that after extinction training, 
new spines tend to form within close proximity and orient in the same 
direction as spines that were eliminated after fear conditioning. 
Furthermore, we estimated that the number of presynaptic boutons 
available for a synaptic contact with a spine that is 2 um long and 
located along a 4-um dendritic segment is ~32 (Supplementary 
Information, section 1). When considering that new spines tend to 
be oriented in the same direction as previously eliminated spines, our 
results indicate that there could be a ~1/16 chance that new spines will 
contact the same synaptic boutons as previously eliminated spines. 
So far, our data have indicated that extinction with the US-associated 
conditioned stimulus (tone A), but not with an unconditioned stimulus 
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Figure 3 | Fear conditioning and extinction cause location-specific spine 
remodelling. a-c, Correlations between spine elimination 48 h after fear 
conditioning and spine formation on individual dendritic branches under the 
following three conditions: no extinction training (a); after extinction training 
using the conditioned tone (b); after repeated exposure to a novel tone 
(c). d-f, Representative images of dendritic branches taken before and after 
conditioning from the three groups. Arrowheads mark sites of spine 
elimination induced by conditioning. Arrows mark sites of newly formed 
spines under the three conditions. The red dot in e marks a new spine formed 
after extinction and located within 2 um of a spine previously eliminated after 
conditioning. Asterisks mark filopodia. Scale bar in f, 4 um. g, Spine 
distribution graph depicting the relative distance between sites of spine 
elimination induced by conditioning and the respective closest sites of spine 
formation under the three conditions. h, Percentage of newly formed spines 
facing the same direction as previously eliminated spines (oriented within 90° 
relative to the eliminated spines). ***P < 0.001, **P < 0.01. Data show 
mean = s.e.m. (g). 


(tone B), induces spine formation in close proximity to spines that 
were eliminated after fear conditioning. Further to investigate the 
cue specificity and location specificity of extinction-induced spine 
formation, we fear-conditioned mice to tone A (CS1) and tone B 
(CS2) in two consecutive training sessions using three pairings of 
CS1 with US and CS2 with US (Fig. 4a). Eliminated spines induced 
by CS1-US or CS2-US pairings were identified separately over 4 d. In 
recall tests on day 2 (R-1) and day 4 (R-2), mice showed freezing 
responses to both CS1 and CS2. We then subjected mice to extinction 
training with CS2 for another 2 d and newly formed spines induced by 
extinction were identified (Fig. 4a). On day 7, after CS2 extinction, 
mice showed a low freezing response to CS2 but a high freezing res- 
ponse to CS1, demonstrating the cue specificity of our extinction train- 
ing (Fig. 4b). Consistent with our results in Figs 1 and 2, fear 
conditioning with both CS1 and CS2 increased spine elimination 
whereas extinction with CS2 promoted spine formation (Fig. 4c). 
Notably, a significantly larger population of newly formed spines 
induced by extinction with CS2 were located within 2 1m of spines 
that were eliminated by CS2-US (‘CS2 elim/CS2 form’) than by CS1- 
US (‘CS1 elim/CS2 form’) (45.9 + 7.3% versus 26.6 + 3.8%, P< 0.05; 
Fig. 4d). These findings indicate that extinction training with a specific 
auditory cue induces spine formation in close proximity to spines 
previously eliminated after fear conditioning against the same cue. 
Further to investigate the cue and location specificity of opposing 
synaptic changes after fear conditioning and extinction, we tested 
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Figure 4 | Extinction induces spine formation in a cue- and location-specific 
manner. a, Timeline of experimental manipulations and imaging. b, Percentage 
of freezing during the recall test and extinction. After extinction with CS2, mice 
showed a lower freezing response to CS2 than to CS1 on day 7 (P< 0.001). 

c, Conditioning to either CS1 or CS2 increased spine elimination when 
compared with unpaired controls (P < 0.001). Extinction with CS2 increased 
spine formation when compared with the unpaired controls, CS1-US or CS2-US 
(Fa,16) = 18.540, P< 0.001). d, Spine distribution graph depicting the relative 
distance between new spines induced by CS2 extinction and eliminated spines 
induced by CS1-US or CS2-US. A significantly larger population of new spines 
induced by CS2 extinction were located within 2 |1m of spines previously 
eliminated by CS2-US than were located within 2 1m of spines previously 
eliminated by CS1-US (n = 5 mice, 36 branches, 74 spines, P< 0.05). 

***D < ().001, *P < 0.05. Data show mean = s.e.m. (b, d) or mean = s.d. (c). 


whether new spines induced by extinction are selectively eliminated in 
a cue-specific manner after reconditioning. In this experiment, we first 
subjected mice to fear conditioning and extinction, and then recondi- 
tioned them by re-exposure to five CS1-US (CS1/tone A) pairings on 
days 5 and 6 (Fig. 5a). As control groups, mice were either subjected to 
five temporally unpaired presentations of CS1 and US stimuli or con- 
ditioned with five pairings of CS2-US pairings (CS2/tone B) on days 5 
and 6 (Fig. 5a-d). Recall tests showed a significant increase of the 
freezing response to CS1 in the reconditioning group when compared 
with the unpaired group or the group conditioned with CS2-US 
(P< 0.01; Fig. 5e). We next compared the respective persistences of 
newly formed spines located within 21m or more than 2 um from 
previously eliminated spines in the three groups. The persistence of 
extinction-induced new spines within the 2-11m boundaries in the 
reconditioning group (11.1 + 1.8%) was significantly lower than that 
in the unpaired or CS2-US conditioned groups (32.0 + 6.2% and 
35.2 + 11.3%, respectively) (P< 0.05). There was no significant differ- 
ence in the persistence of spines formed outside the 2-j1m boundary 
among the three groups (P > 0.6; Fig. 5f). Thus, fear reconditioning 
opposes the effects of extinction on synaptic remodelling with high 
anatomical and cue specificity. 

It is well accepted that synaptic reorganization is critical for learning 
and memory'*’. However, it is unclear how synaptic circuits are 
modified by opposing forms of learning and how such modifications 
contribute to opposite behavioural outcomes. Our studies indicate that 
fear conditioning, extinction and reconditioning cause opposing synaptic 
modifications on the same dendritic branches in a cue- and location- 
specific manner. These findings also suggest that extinction induces 
at least partial erasure of fear memory traces in FrA. FrA in rodents 
has reciprocal connections with multiple brain areas including the 
amygdala*®*', and its inactivation impairs fear learning and extinc- 
tion” (Fig. 1b, c and Supplementary Figs 1-3), suggesting that this 
region is directly involved in modulating freezing behaviours. Future 
investigations are needed to understand the mechanisms underlying 
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Figure 5 | Reconditioning eliminates spines formed during extinction. 

a, Timeline of experimental manipulations and imaging. b-d, Representative 
images before and after fear conditioning, after extinction and after 
presentation of the unpaired stimuli (b), after reconditioning to CS1 (c) or after 
new conditioning to CS2 (d). Arrowheads mark sites of spine elimination after 
fear conditioning. Arrows and red dots mark new spines that were formed after 
extinction and located more than 2 |im (arrows) and within 2 jum distance (red 
dots) from previously eliminated spines after conditioning. Asterisks mark 
filopodia. Scale bar, 4 1m. e, Reconditioning (RC) increased freezing by 
comparison with unpaired stimuli (UP) or new conditioning to CS2 (CS2-US) 
during recall test R-2 with CS1 (**P < 0.01). f, The survival rate of new spines 
induced by extinction training and located within 2 1m of previously 
eliminated spines was significantly lower after RC-CS1 (54 branches, 107 total 
new spines) than after UP (58 branches, 107 total new spines) or CS2-US (54 
branches, 94 total new spines) (**P < 0.01, *P < 0.05). Data show 

mean = s.e.m. (e) or mean = s.d. (f). 


the opposite changes of synaptic connections in FrA and how such 
changes contribute to the acquisition, extinction and reinstatement of 
fear memories. 


METHODS SUMMARY 


One-month-old male mice expressing YFP (H-line) were used in this study. Fear 
conditioning was conducted with three pairings of a 30-s, 80-dB auditory cue 
(400 Hz; tone A= CS1 or 1,200 Hz, tone B = CS2) co-terminating with a 2-s, 
0.5-mA scrambled footshock (US). Extinction training was conducted with five 
CS presentations (each CS lasting 2 min with an intertrial interval of 2 min) per day 
for 2d. The procedures of in vivo transcranial two-photon imaging and data 
quantification were as described previously'’”*. Either analysis of variance or 
Student’s t-test was used to compare spine remodelling and freezing responses 
among different groups. The Pearson correlation coefficient was used to measure 
the strength of linear dependence between different variables. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 


Animals. C57BL/6 mice expressing YFP in layer-V pyramidal neurons (H-line) 
were purchased from the Jackson Laboratory and group-housed in the Skirball 
animal facility. One-month-old (P30 + 1) male mice were used in the experi- 
ments. All experiments were approved and performed in accordance with insti- 
tutional guidelines. 

Fear conditioning and extinction. Apparatus. Mice were trained and tested using 
the FreezeFrame system (Coulbourn Instruments). For training, mouse test cages 
equipped with stainless-steel shocking grids were connected to a precision 
feedback current-regulated shocker (Coulbourn Instruments). For testing, the 
shocking grids were replaced with non-shocking test grids that differed in texture 
from the shocking grids used during conditioning. Each test cage was contained in 
a sound-attenuating enclosure (Coulbourn Instruments). Behaviour was recorded 
using low-light video cameras. Stimulus presentation was automated using 
Actimetrics FreezeFrame software (version 2.2; Coulbourn Instruments). All 
equipment was thoroughly cleaned with detergent followed by water between 
sessions. 

Fear conditioning. Mice were habituated for 2 min on a shocking grid (cage 
set-up A: shocking floor grids, ethanol scent). Fear conditioning was conducted with 
three pairings of a 30-s, 400-Hz, 80-dB auditory cue (tone A = CS1) co-terminating 
with a 2-s, 0.5-mA scrambled footshock (US). The intertrial interval was 15 s. Two 
minutes after conditioning, mice were returned to their home cages. For the 
unpaired control group, mice received tones and shocks in an unpaired manner 
(tones and shocks were separated by random intervals of 5-15s). Mice were 
returned to their home cages 2 min after presentation of the unpaired stimuli. For 
tone-only or shock-only control groups, mice were habituated for the same amount 
of time in the testing context, and tones or footshocks were given separately. 

Recall test and extinction. For the recall test, mice were placed in a different 
context (cage set-up B: test floor grids, 1% Pinesol) for an initial 2-min (pre-CS) 
period and this was followed by tone presentation for 2 min (CS). For extinction 
training, mice were subjected to five CS presentations (each lasting 2 min with an 
intertrial interval of 2 min) per day for two consecutive days. For repeated exposure 
of mice to tone B (C82), the extinction protocol was used with a different auditory 
cue (1,200 Hz, 80 dB). 

Reconditioning. Mice were reconditioned in the training context using shock- 
ing grids (ethanol scent) with five pairings of CS-US (30-s CS/tone A, 400 Hz; each 
co-terminated with a 2-s footshock) each day on days 5 and 6. For the unpaired 
control, five shocks and tones were given to mice in an unpaired manner each day. 
For conditioning with tone B, five CS—US pairings were given to the mice using 
tone B as the auditory cue each day. 

Retrograde and anterograde tracing with Mini-Ruby. One-month-old male mice 
expressing YFP were anaesthetized with ketamine and xylazine (intraperitoneal; 
20mg ml ' and 3 mg ml’, respectively, in saline; 6 il per gram of body weight). 
Mini-Ruby (Invitrogen) dissolved at 5% concentration in water was injected into 
the frontal association cortex (+2.8mm bregma, +1.0mm midline, +0.01 mm 
ventral) through a sharp electrode by iontophoresis (6 1A, on-off for 15 min). 
For amygdala injections, 0.15 il of Mini-Ruby was injected over 5 min into the 
amygdala with a Hamilton syringe (—1.94mm bregma, +3.00mm midline, 
+4.75 mm ventral). Four to seven days after the injection, mice were perfused with 
4% paraformaldehyde and their brains were postfixed overnight. Brains were 
sectioned with a vibratome at 200 tim. Confocal images were acquired using a 
Bio-Rad confocal microscope (X20 oil lens; numerical aperture, 0.8). 

Transient inactivation of the frontal association cortex with muscimol. After 
fear conditioning or extinction, mice were anaesthetized with ketamine and 
xylazine. Muscimol (Sigma; 0.5 pl at 1 1g pl’) in artificial cerebrospinal fluid or 
artificial cerebrospinal fluid as vehicle was microinjected bilaterally into the frontal 
association cortex (+2.8 mm bregma, +1.0 mm midline, +0.5 mm ventral) with a 
pressure injection device (Picospritzer III; 15 p.s.i., 12 ms, 0.8 Hz) over 5 min. The 
injection was performed within 1h after fear conditioning or extinction. Twenty- 
four hours after injection, mice were subjected to a recall test. Muscimol spread 
was estimated by the line at which the Mini-Ruby fluorescence was less than 20% 
of its peak level. On the basis of this definition, we determined the range of 
muscimol spread as ~500-700 tm (Supplementary Fig. 3). 


In vivo transcranial two-photon imaging. Spine formation and elimination were 
examined by imaging the mouse cortex through a thinned-skull window as 
described previously'’”’. Briefly, one-month-old male mice expressing YFP were 
anaesthetized with ketamine and xylazine (intraperitoneal; 20mgml_' and 
3mg ml’, respectively, in saline; 6 jl per gram of body weight). Thinned-skull 
windows were made in head-fixed mice with high-speed microdrills. Skull 
thickness was reduced to about 201m. A two-photon microscope tuned to 
920 nm (X60 water immersion lens; numerical aperture, 1.1) was used to acquire 
images. For re-imaging of the same region, thinned regions were identified on the 
basis of the maps of the brain vasculature. Microsurgical blades were used to re- 
thin the region of interest until a clear image could be obtained. The area of the 
imaging region was 200 um X 200 pm. The centres of the imaging regions were as 
follows: +2.8mm bregma, +1.0mm midline (frontal association cortex); 
—1.1mm bregma, +3.4mm midline (barrel cortex). Because repeated thinning 
of the skull to ~20 jum without damaging the cortex becomes more difficult after 
multiple imaging sessions, we designed our experiments in such a way that no 
animal was imaged than four times. 

Data analysis. All data analysis was performed blind to treatment conditions, 
except for the data in Supplementary Fig. 4, which were collected under behavioural 
treatment conditions known to the investigator. Image J software was used to 
analyse spine elimination and formation from three-dimensional image stacks as 
described previously''’’. Dendritic branches were randomly sampled within a 
200 jum X 200 jum area imaged at a distance of 0-100 j1m below the pia surface. 
The same dendritic segments were identified from three-dimensional stacks taken at 
different time points with high image quality (ratio of signal to background noise, 
>4:1). The number and location of dendritic protrusions (protrusion lengths were 
more than one-third of the dendritic shaft diameter) were identified. The percentage 
of spine formation and elimination is presented as the number of spines formed or 
eliminated between the first and second view divided by the total number of spines 
observed at the first view’””” (Supplementary Information, section 2). 

For the analysis of spine changes at the individual branch level (Fig. 3), the 
percentage of spine formation and elimination is presented as the number of 
formed or eliminated spines divided by the total number of spines on the indi- 
vidual branch. For the spine orientation analysis, newly formed spines were con- 
sidered to have the same orientation when they were oriented within 90° relative to 
previously eliminated spines. 

Filopodia were identified as long, thin structures'"”” (generally larger than twice 
the average spine length; ratio of head diameter to neck diameter, <1.2:1; ratio of 
length to neck diameter, >3:1). The remaining protrusions were classified as spines. 
No subtypes of spines were distinguished in our analysis. Three-dimensional stacks 
were used to ensure that tissue movements and rotation between imaging intervals 
did not hinder spine identification. Spines or filopodia were considered to be 
identical between views if their positions were unchanged with respect to adjacent 
landmarks. Our quantitative analysis shows that we can measure the distance 
between two adjacent stable spines with a precision of ~0.2 lum in 95% of the cases 
(2s.d.). Spines were considered different if their positions differed from the first 
view by more than 0.7 um. We chose 0.7 um as a cut-off distance because spine 
positions can shift by up to ~0.3 jum in either direction along the axis of dendritic 
shafts owing to changes in spine morphology, slight tissue rotation and movements 
related to brain pulsation. We estimate that the imaging resolution of our two- 
photon microscope (60; numerical aperture, 1.1; 920 nm) is ~0.7 um. 

For image display, fluorescent structures near and out of the focal plane of the 
dendrites of interest were removed manually from image stacks using Adobe 
Photoshop. The modified image stacks were then projected to generate two- 
dimensional images and adjusted for contrast and brightness. 

For statistical analysis, we used either analysis of variance or Student's t-test to 
compare spine formation and elimination rates among different experimental 
groups. All spine formation and elimination rates are presented as mean + s.d. 
and all behavioural data are presented as mean + s.e.m. Data in spine distribution 
graphs in Fig. 3g and 4d are presented as mean + s.e.m. The Pearson correlation 
coefficient was used as a measure of the strength of linear dependence between 
spine changes and behavioural responses. The linear regression lines and correla- 
tion coefficients (r) are shown in Fig. 1i-l, Fig. 2d, e, g and Fig. 3a-c. In all analyses, 
P values less than 0.05 were considered to be statistically significant. 


©2012 Macmillan Publishers Limited. All rights reserved 


Lait IES. 


doi:10.1038/nature10813 


Re-emerging superconductivity at 48 kelvin in iron 


chalcogenides 


Liling Sun'*, Xiao-Jia Chen***, Jing Guo', Peiwen Gao’, Qing-Zhen Huang*, Hangdong Wang”, Minghu Fang”, Xiaolong Chen’, 
Genfu Chen!, Qi Wu, Chao Zhang', Dachun Gul, Xiaoli Dong’, Lin Wang®, Ke Yang’, Aiguo Li’, Xi Dai!, Ho-kwang Mao? 


& Zhongxian Zhao! 


Pressure has an essential role in the production’ and control”* of 
superconductivity in iron-based superconductors. Substitution of a 
large cation by a smaller rare-earth ion to simulate the pressure 
effect has raised the superconducting transition temperature T, to 
a record high of 55 K in these materials**. In the same way as T, 
exhibits a bell-shaped curve of dependence on chemical doping, 
pressure-tuned T, typically drops monotonically after passing the 
optimal pressure’ *. Here we report that in the superconducting 
iron chalcogenides, a second superconducting phase suddenly re- 
emerges above 11.5 GPa, after the T. drops from the first maximum 
of 32 K at 1 GPa. The T, of the re-emerging superconducting phase 
is considerably higher than the first maximum, reaching 48.0- 
48.7 K for Tlo,6Rbo,4Fe1.67Se2, Ko,.gFe;,7Se2 and Ko.gFe,.7gSe. 

The recent discoveries of superconductivity at 30-32 K in a new 
family of iron-based chalcogenide superconductors*” A, — ,Fe, — Se, 
(where A = K, Rb or Cs, with possible Tl substitution) bring new excite- 
ment to the field of superconductivity’’. These superconductors have 
unusually large magnetic moments up to 3.3/g per Fe atom and a Fe- 
vacancy ordering in the Fe square lattice’. How superconductivity with 
such a high T. can exist on such a strong magnetic background remains 
perplexing"®. It has been established that superconductivity in strongly 
correlated electronic systems can be dictated by their crystallographic 
structure, electronic charge, and orbital and spin degrees of freedom, 
which can all be manipulated by controlling parameters such as pressure, 
magnetic field and chemical composition’*-’>. Pressure is a ‘clean’ way 
to tune basic electronic and structural properties without changing the 
chemistry. High-pressure studies are thus very useful in elucidating 
mechanisms of superconductivity as well as in searching for new 
high-T. superconducting materials. 

We studied single crystals of Tly.Rbo 4Fey,67Se2, Ko.gFe;.7Se, and 
Ko gFe;.7gSe2 grown by the Bridgman method*!*’”. We conducted both 
high-pressure resistance and susceptibility measurements to detect 
superconductivity in situ at high pressures and low temperatures. 
Figure 1 shows the temperature dependence of the electrical resistance 
at different pressures for Tlo 6Rbo.4Fe;.57Se. single crystals. Here we 
define T, as the intersection of the tangent through the inflection point 
of the resistive transition with a straight-line fit of the normal state just 
above the transition. As can be seen, T- starts at the maximum of 33 K 
at 1.6 GPa, shifts to lower temperatures at increasing pressures, and 
vanishes near 9 GPa in our experimental temperature range, which is 
300-4 K for our high-pressure resistance measurements (Fig. la). At 
slightly higher pressures, however, an unexpected superconducting 
phase re-emerges with an onset T, as high as 48.0K at 12.4GPa 
(Fig. 1b). The sample is not superconducting at pressures higher than 
13.2 GPa. We repeated the measurements with new samples in three 
independent experiments, and the results were reproducible. 


To confirm the pressure-induced changes of superconductivity in 
Tlo.6Rbo 4Fe.67Se2, we also performed magnetic alternating-current 
susceptibility measurements in situ at high pressures (Fig. 2). The value 
of T- is taken to be the onset of superconductivity defined by the 
intersection of a line drawn through the steep slope of the curve and 
the region of zero slope above the transition. The magnetic study 
showed that T, decreased with increasing pressure and vanished at 
9.8 GPa in the first superconducting phase SC-I (Fig. 2a). With further 
increasing pressure, the material enters a new superconducting phase 
SC-II and its transition temperature reaches 40.2K at 12.2GPa 
(Fig. 2b). The magnetic measurements yield T. values consistent with 
the resistivity data within the experimental uncertainties. These results 
provide convincing evidence for the existence of two distinct super- 
conducting phases in Tl 6Rbo,.4Fe) 67Se2. 
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Figure 1 | Temperature-dependence of electrical resistance for 
Tlo.6Rbo.4Fe1.67Se2 at different pressures. a, Resistance-temperature curves in 
the initial superconducting phase (SC-I) up to 9.4 GPa. T,, was observed to shift 
to lower temperature with increasing pressure. Superconductivity disappears at 
9.4 GPa. b, Electrical resistance curves for the same single crystal at higher 
pressures. A new superconducting state re-emerges upon further compression. 
The pressure-induced superconducting phase (SC-II) has a T, of 48 K, which is 
much higher than the maximum in SC-I. Cryogenic resistance measurements 
were performed in a diamond-anvil cell. Diamond anvils with 600-1m and 300- 
jum tip flats were used with sample chambers of diameter 300 um and 100 tum, 
respectively. Four electrical leads were attached to the single-crystal sample 
insulated from the rhenium gasket, and loaded into the sample chamber. NaCl 
powders were employed as a pressure medium. The ruby fluorescence method 
was used to gauge pressure”. 
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Figure 2 | Temperature dependence of the alternating- 

current susceptibility for Tlp,;Rbo.4Fe;.67Se, at different pressures. 

a, Superconducting transitions observed in the real susceptibility component of 
the sample at pressures of 2.5, 5.4 and 9.8 GPa in SC-I. The superconducting 
transition shifts downward to lower temperature with increasing pressure. At 
9.8 GPa the susceptibility component remains constant upon cooling down to 
4K, indicating that the sample is no longer superconducting. b, The real 
component of the susceptibility versus temperature for the crystal in SC-II at a 
pressure of 12.2 GPa. The inset shows the set-up for alternating-current 
susceptibility measurements in a diamond-anvil cell, with a signal coil around 
the diamond anvils and a compensating coil. The alternating-current 
susceptibilities were detected within a lock-in amplifier*'. The crystals were 
loaded into the sample chamber, which is a hole in the centre of the 
nonmagnetic gaskets, with Daphne 7373 as the pressure medium. 


To investigate whether the pressure-induced re-emergence of super- 
conductivity was unique to Tlo.6Rbp,4Fe;,67Se2 or more general among 
iron chalcogenides, we conducted parallel electrical resistance measure- 
ments on Ko Fe; 7Se2 single crystals, and observed nearly identical 
behaviour (Fig. 3). The initial T. of 32K at 0.8-1.6GPa decreased 
monotonically with increasing pressure and became undetectable at 
9.2 GPa. At a slightly increased pressure, the second superconducting 
phase of Ko gFe; 7Se, re-emerged and reached the maximum T- of 48.7 K 
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Figure 3 | Temperature dependence of the resistance for Ko,sFe,7Se, at 
different pressures. a, SC-I. The resistance-temperature curves showing the T, 
reduction with increasing pressure and its disappearance at 9.2 GPa. b, SC-II. 
The resistance measurements reveal another superconducting phase above 
10.5 GPa. The T, reaches 48.7 K at 12.5 GPa and disappears at 13.2 GPa. The 
black curve has been multiplied by 100. 
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at 12.5GPa. We repeated the experiment six times using six single 
crystals cut from different batches, and the results were reproducible. 
We further repeated the measurements with a slightly different com- 
position, Kp gFe;7gSe2, and again, observed similar pressure-induced 
behaviour. 

Wesummarized the pressure dependence of T. of Tlp,¢Rbo 4Fe; 67Se2, 
Ko.gFe) 7Se2, and Ko gFe; 7gSe in Fig. 4and Supplementary Tables 1 to 4. 
The diagram clearly reveals two distinct superconducting regions: the 
initial superconducting phase SC-I and the pressure-induced super- 
conducting phase SC-II. In the SC-I region, T- is suppressed with 
applied pressure and approaches zero between 9.2 and 9.8 GPa. At 
higher pressures, the SC-II region appears, in which the T, is even 
higher than the maximum T, of the SC-I region. The SC-II region 
has a maximum T. of 48.7K for KogFe,7Se, and 48.0K for 
Tlo.6Rbo 4Fe;.67Se2, higher than previously observed in chalcogenide 
superconductors. The SC-II region appears in a narrow pressure 
range. Unlike the usual parabolic pressure-tuning curve of T,, the high 
T, in SC-II appears abruptly above 9.8 GPa and disappears equally 
abruptly above 13.2GPa. Intermediate T.< 38K is not observed 
even with small pressure increment steps of 0.1GPa. A similar 
re-emergence of superconductivity has been observed in some other 
strongly correlated electronic systems, such as heavy-fermion’? and 
organic systems’. 

Our preliminary high-pressure polycrystalline X-ray diffraction 
results of the two iron chalcogenides Ko gFe;.7Se. and Ko Fe 7gSe2 
confirm that, to the first degree, the basic tetragonal crystal structure 
persists throughout the pressure range studied (Supplemen- 
tary Information). Therefore, the disappearance of T- in SC-I, the 
re-emergence of higher T in SC-IL, and the final non-superconducting 
region reflect detailed structural variances within the basic tetragonal 
unit cell, which await future in-depth investigation with advanced 
diagnostic probes. For instance, the possible change in magnetic- 
ordering structures would require high-pressure neutron diffraction, 
and the possible superlattice and Fe vacancy ordering would require 
high-pressure single-crystal X-ray structural investigations. 

The pressure dependence of T, in the SC-I region is expected but its 
mechanism is still much debated. Quantum criticalities are thought to 
affect superconductivity for strongly correlated electronic systems’’. A 
characteristic feature of the new iron chalcogenide superconductors is 
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Figure 4 | Pressure dependence of the T, for Tlo,¢Rbo.4Fey 67525 Ky gFe1.7Se2 
and Ko gFe;.7gSe2. The symbols represent the pressure-temperature 
conditions for which T- values were observed from the resistive and alternating- 
current susceptibility measurements; symbols with downward arrows represent 
the absence of superconductivity to the lowest temperature (4K). All 
Tlo6Rbo.4Fe1 67Se2, Ko.gFey.7Se2 and Ky gFe;,7gSe, samples show two 
superconducting regions (SC-I and SC-II) separated by a critical pressure at 
around 10 GPa. NSC, the non-superconducting region above 13.2 GPa. The 
maximum T, is found to be 48.7 K in Ko. gFe; 7Se. at a pressure of 12.5 GPa. At 
higher pressures above 13.2 GPa, the samples are non-superconducting. Error 
bars are one standard deviation. 
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the existence of Fe-vacancies in the Fe-square lattice, ordered by a 
(5x 5 superstructure’. It remains unclear whether pressure could 
destroy the vacancy ordering at a critical value and drive the materials 
into a disordered lattice. Detailed structural studies of these super- 
conducting behaviours in the iron chalcogenide superconductors are 
currently being conducted. Their magnetic properties at high pres- 
sures should help us to understand the interplay of magnetism and 
superconductivity in these iron chalcogenides. 

This observation of the SC-II region with the re-emerging higher Tis 
unexpected. It will certainly stimulate a great deal of future experimental 
and theoretical studies to clarify whether the observed re-emergence of 
superconductivity in iron chalcogenides is associated with the quantum 
critical transition, magnetism, superstructure, vacancy ordering or spin 
fluctuation. 
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Surprisingly complex community discovered in the 
mid-Devonian fossil forest at Gilboa 


William E. Stein!, Christopher M. Berry’, Linda VanAller Hernick® & Frank Mannolini® 


The origin of trees by the mid-Devonian epoch (398-385 million 
years ago) signals a major change in terrestrial ecosystems with 
potential long-term consequences including increased weathering, 
drop in atmospheric CO,, modified climate, changes in sedimenta- 
tion patterns and mass extinction’*. However, little is known 
about the ecology of early forests or how changes in early terrestrial 
ecosystems influenced global processes. One of the most famous 
palaeontological records for this time is the ‘oldest fossil forest’ at 
Riverside Quarry, Gilboa, New York, USA, discovered in the 
1920s**. Hundreds of large Eospermatopteris sandstone casts, 
now thought to represent the bases of standing cladoxylopsid 
trees®, were recovered from a horizon that was originally inter- 
preted as a muddy swamp. After quarry operations ceased, 
relatively minor outcrops of similar fossils at nearby localities 
have provided limited opportunities to evaluate this pervasive 
view using modern methods”*. In 2010, removal of the quarry 
backfill enabled reappraisal of the palaeoecology of this import- 
ant site. Here we describe a 1,200 m7 map showing numerous 
Eospermatopteris root systems in life position within a mixed- 
age stand of trees. Unexpectedly, large woody rhizomes with 
adventitious roots and aerial branch systems identified as 
aneurophytalean progymnosperms run between, and probably 
climb into, Eospermatopteris trees. We describe the overall habit 
for these surprisingly large aneurophytaleans, the earliest fossil 
group having wood produced by a bifacial vascular cambium. 
The site also provides evidence for arborescence within lycopsids, 
extending the North American range for trees in this ecologically 
critical group. The rooting horizon is a dark grey sandy mudstone 
showing limited root penetration. Although clearly belonging to a 
wetland coastal plain environment’, the forest was probably 
limited in duration and subject to periodic disturbance. These 
observations provide fundamental clarification of the palaeoecology 
of this mixed-group early forest, with important implications for 
interpreting coeval assemblage data worldwide. 

Tree-sized plants become evident in the fossil record in the Middle 
Devonian. The oldest (primarily from the Eifelian—Givetian ages) belong 
to the order Pseudosporochnales (class Cladoxylopsida). These plants 
possess a strong central trunk bearing a crown of ephemeral non-leafy 
branches and have an overall form that looks much like a modern palm or 
tree-fern’®. Recent evidence unites the long-enigmatic Eospermatopteris 
stump casts from Riverside Quarry, Gilboa (Givetian age) with pseudo- 
sporochnalean crown and branch compressions of the genus Wattieza’. 
Although the group has almost worldwide distribution, little is 
currently known about its morphological variation, phylogenetic rela- 
tionships or occurrence in specific palaeoenvironments. As a result, 
Goldring’s iconic “oldest fossil forest” (ref. 5) continues to exert great 
influence. She described trees “resting in and upon shale” representing 
“muds in which the trees stood”, with bases that were “bulbous, as 
might be expected of certain trees growing under swampy conditions”. 
By the late Middle Devonian (Givetian), pseudosporochnaleans were 
joined by the order Archaeopteridales (class Progymnospermopsida)"". 


Demonstration of a bifacial vascular cambium producing wood, leaves, 
extended development by means of buds’’, and possibly more deeply 
penetrating roots, has led to the hypothesis that archaeopteridaleans 
mark the beginning of another type of forest in the Devonian that is 
different from the water-restricted Eospermatopteris’*. However, both 
groups are commonly found together in variable lithologies within the 
North American Catskill sediment complex’ and elsewhere, with little 
to suggest spatial or environmental separation of the plants. 

In spring 2010, backfill at Riverside Quarry was removed, exposing 
the highwall and extensive quarry floor at the original 292.6-m (960-ft) 
elevation for a few weeks, before refilling. The highwall section consists 
of several massive fine sandstone beds that are 0.2-0.8 m thick, with 
one thin wedge of shale (Supplementary Figs 1 and 2). Two sandstone 
moulds left by Eospermatopteris casts collected in the 1920s occur at 
the 296-m (972-ft) level*. Both moulds show attached roots forming a 
loose root mantle within the enclosing sandstone, passing outwards, 
downwards and partly penetrating a palaeosol below (Fig. 1a). 

Of approximately 30 new Eospermatopteris casts retrieved from the 
backfill, two specimens remain encased within the casting sandstone 
with their flat to shallowly convex bottoms exposed and their roots still 
attached (Fig. 1b and Supplementary Fig. 8). Numerous and conspicuous 
raised mounds of radiating roots delimit the original, and still largely 
intact, forest palaeosol surface on the quarry floor (Fig. 1c and Sup- 
plementary Figs 3-11). Root mounds occur over most, if not all, of the 
quarry floor and contact of palaeosol with the overlying sandstone 
responsible for Eospermatopteris casts is clearly observed at the base 
of the highwall. We conclude that the root mounds on the quarry floor 
and exposed cast bottoms described above represent matching 
counterpart surfaces. Approximately 1,200 m” of the palaeosol surface 
was pressure-washed and plan-mapped, and this showed a total of 486 
objects including root mounds, horizontal stems and aerial plant frag- 
ments (Fig. 2). The basic features of this survey and of the criteria that 
we used for recognizing different plants are described here and in the 
Supplementary Information. 

Approximately 200 root mounds in the mapped region unquestion- 
ably mark locations of Eospermatopteris casts that were originally 
removed from the site. The best-preserved examples typically exhibit 
a circular densely imbricate skirt of unbranched lateral roots 1-2 cm in 
diameter radiating from a raised rim and central basin corresponding 
respectively to the widest diameter and bottom of the originally seated 
cast. The rim, approximately 0.2-1.9 m in diameter, suggests outward 
displacement of soil by each tree base during growth. The central basin 
often shows a radiating pattern of grooves with circular depressions, 
which correspond to roots descending directly into the quarry floor. 
Although most root mounds represent single individuals, some more 
extensive mounds exhibit multiple circular to elliptical basins each 
with a raised rim suggesting the presence of two or more intertwined 
individuals or genetically related ramets sharing a common root mass 
(Supplementary Fig. 6). One specimen (Supplementary Fig. 7) was 
evidently toppled and shows the base of a horizontal trunk and a root 
mass oriented at right angles to their typical appearance on the quarry 
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Figure 1 | Eospermatopteris cast, moulds and root system, Riverside 
Quarry, New York, USA. a, Mould in quarry highwall showing casting 
sandstone (black arrow) and the vertical extent of rooted palaeosol (white 
arrows) with both levels containing attached roots. Scale bar, 20 cm. b, Bottom 
of newly recovered cast with attached roots diverging into casing sandstone 


floor. Heterogeneity in spacing of Eospermatopteris trees is evident 
along with a size variation consistent with individuals of different ages. 

A surprising second tree-sized member of this assemblage is repre- 
sented by straight to curved horizontal stems that are as much as 15 cm 
in diameter, probably greatly exceeding 4 m in length (Figs 2 (arrows b 
and h) and 3a, and Supplementary Figs 16-20). In a small number of 
cases, segments of stem are enveloped by numerous unbranched 
lateral organs that are approximately 5mm in diameter, interpreted 
as roots (Fig. 3b). Surfaces of stems are unique in the quarry in having a 
1-3-mm thick outer carbon layer together with an orthostichous 
pattern of circular to transversely elongate depressions, or correspond- 
ing knobs permineralized by pyrite. The permineralizations show frag- 
mentary evidence of original tissues consistent with broken branch 


(arrow; New York State Museum (NYSM) 18055). Scale bar, 20 cm. ¢, Forest 
palaeosol horizon on quarry floor showing raised rim, central basin and 
extensive rooting system; the surface equivalent to the counterpart of the cast 
shown in b. Entire scale bar, 50 cm. 


bases oriented at right angles to the main stem preserved long after 
they originally functioned (Fig. 3c, d and Supplementary Figs 12-15). 
Secondary xylem is abundant, often interdigitating with carbon on the 
surface. In a transverse view of the branch bases, narrow vascular rays 
extend outward in radial files from secondary xylem to the vascular 
cambium, and beyond to sclerenchymatous elements of secondary 
phloem. The cortex consists of thin-walled parenchyma and clusters 
of sclereids. In the samples recovered so far, three- or four-ribbed 
protostelic configuration of the primary xylem (Fig. 3c, d and Sup- 
plementary Fig. 12) allows us to identify these within the order 
Aneurophytales (class Progymnospermopsida)’*'*. This interpretation 
is strongly supported by complementary compression evidence from a 
specimen originally collected by Goldring (Fig. 3e and Supplementary 


Figure 2 | Plan map of part of the quarry floor showing original rooting 
horizon. Eospermatopteris root mounds indicated with different levels of 
confidence. Dark shading, high confidence; light shading, intermediate 
confidence; dashed circles with no shading, low confidence. Radiating lines, 
radiating pattern of roots associated with root mound; central double circle, 
approximate diameter of central basin; outer circle, entire diameter of observed 


root system. Aneurophytalean main stems and other linear stem fragments are 
shown in black. Lycopsid main stem (arrow j) and probable distal branches 
(arrowk) are grey. The approximate position of the quarry highwall is indicated 
by a dotted line; the georeference point (see Supplementary Discussion) is 
indicated by a four-point star. Arrows a-l, plants that are shown in Figures or in 
the Supplementary Information. 
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Figure 3 | Aneurophytalean rhizomes. a, Large specimen showing abundant 
carbon and several depressions, or knobs partially permineralized with pyrite. 
White line, part of the grid system for the map constructed in the field. Scale, 
5cm. b, Rhizome collected by Goldring (NYSM 6575) showing numerous 
attached roots. Scale bar, 10 cm. ¢, Transverse section of branch base showing 
primary xylem, secondary xylem, secondary phloem and remnants of cortex 


Figs 21 and 23), also from Riverside Quarry. In this specimen a main 
stem shows similar orthostichous knobs bearing numerous roots of 
different sizes. Removal of sandstone reveals attached aerial branches 
that in turn bear dichotomous appendages mostly in an opposite, 
probably decussate, pattern that is consistent with the aneurophytalean 
genus Tetraxylopteris'’. 

Clustering of aneurophytaleans is conspicuous in Fig. 2, with some 
stems describing arcs around, and others running directly towards or 
away from, apparently established Eospermatopteris root mounds, and 
several stems appearing to end abruptly on an Eospermatopteris 
mound, near its rim. These findings suggest a rhizomatous habit for 
the plant with definite interaction between the aneurophytaleans and 
already established upright Eospermatopteris trees. It seems possible, 
perhaps likely, that the aneurophytaleans used the Eospermatopteris 
trees for support. Taken together, the observations suggest a new 
whole-plant concept for at least one member of the Aneurophytales 
as a large, woody, scrambling to lianaceous plant bearing adventitious 
roots and three-dimensional aerial branch systems functioning as 
frond-like ephemeral modules. These modules comprise the bulk of 
described evidence for this group to date’®’”. 

At this quarry site we also found a single horizontally preserved tree 
clearly representing an arborescent member of the class Lycopsida 
(club mosses)'*”° (Fig. 2, arrows j and k). An obliquely preserved main 
trunk that is greater than 11cm in diameter is smooth with broad 
longitudinal ridges and curved over 3.9m of preserved length 
(Supplementary Fig. 25). Distally, a 15-cm-diameter main trunk is 
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(arrows), all embedded in extensive secondary xylem of the main stem (NYSM 
18056). Scale bar, 1 mm. d, Interpretation of the lateral branch xylem in 

c showing probable three-ribbed primary xylem (shaded). e, Interpretation of 
rhizome originally collected by Goldring (NYSM 18051), showing attached and 
associated aerial branches in outline, attached roots in black and thick carbon 
on rhizome in grey. 


surrounded by four to six smaller axes of 4.5-8.5cm in diameter 
(Fig 4, and Supplementary Figs 26 and 27). However, the overall plant 
architecture is unclear. Both trunk and axes are covered with the same 


Figure 4| Arborescent lycopsid. Upper portion of tree (arrow k in Fig. 2), 
including the main stem (occupying the width between the arrows) and smaller 
stems with similar leaf bases that probably represent distal portions of the main 
stem or lateral branches (NYSM 18053). Scale bar, 10 cm. 
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distinctive pattern of large attachment scars showing remnants of 
distal laminae; we can therefore confidently identify these fossils as 
lycopsids. Previous studies have reported abundant small lycopsids at 
Riverside Quarry and other Catskill localities*®*!, but none have been 
as large as this one. This record pre-dates the previous earliest 
(Frasnian age) lycopsid trees in North America”. 

The remarkable in situ preservation of the Gilboa forest rooting 
horizon substantially enhances our understanding of this famous mid- 
Devonian ‘earliest forest’ terrestrial ecosystem. Rather than being a dis- 
tinct muddy swamp containing a homogeneous stand of specially 
adapted Eospermatopteris trees, the site instead agrees sedimentologically 
with other exposures in the general vicinity“, and with palaeobotanical 
evidence suggesting mixed assemblages worldwide”. The location of this 
site was probably near an ancient shoreline during an interval of relatively 
high sea-level *°’’. Low-angle cross-bedded sandstones in the Gilboa 
region containing several Eospermatopteris levels suggest that the site 
was formed by recurrent, marine-influenced and possibly catastrophic, 
processes with a relatively high frequency of disturbance. Drab colour 
and high organic content of the forest palaeosol at Riverside Quarry 
indicates elevated water tables. Pyrite in aneurophytaleans, probably 
related to the presence of woody tissues, suggests concurrent or early 
diagenetic anoxia. All of this contrast with the predominantly red 
vertisols, which are also commonly observed in the Catskill complex. 
However, both facies are widespread and neither argues for a specific 
palaeoenvironmental reconstruction”’. 

From one remarkable site, we now know that at least three major 
types of trees occurred in close proximity in a mixed, probably dis- 
turbed, wetland assemblage, with archaeopteridaleans absent at the scale 
of our map. We suspect that the sizes that were reached by the plants 
most probably relate to the rate of growth and frequency of reproduction 
permitted by disturbances, rather than reflect more regional environ- 
mental factors. From accumulating palaeobotanical evidence, we sug- 
gest that the very large but non-woody Eospermatopteris was probably 
hollow, reed-like and potentially fast-growing. This tree may have 
been capable of rapid establishment and, owing to the construction 
of sizeable root masses, contributed substantially to local substrate 
stability. Scrambling aneurophytaleans were also large, but woody, 
possibly longer-lived and potentially the greater contributor to global 
sedimentary carbon. Both plants bore leafless branch systems, suggest- 
ing only partial forest shade, and are commonly found together in 
Middle Devonian deposits today, probably as cast-off modular 
detritus. The apparent difference in growth form between rhizomatous 
aneurophytaleans and conifer-like archaeopteridaleans may signal 
some type of habitat specialization, but probably within a proximate 
wetland setting. Arborescent mid-Devonian lycopsids, now clearly pre- 
sent in mid-Devonian early forests, do not yet seem to be associated with 
coal-forming environments such as are typical for the Carboniferous 
period. Substantially modifying the image originally provided by 
Goldring’, we now glimpse a diversified early landscape already reflect- 
ing at least some of the complexity of later terrestrial ecosystems. 
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Neisseria are obligate human pathogens causing bacterial meningitis, septicaemia and gonorrhoea. Neisseria require iron 
for survival and can extract it directly from human transferrin for transport across the outer membrane. The transport 
system consists of TbpA, an integral outer membrane protein, and TbpB, a co-receptor attached to the cell surface; both 
proteins are potentially important vaccine and therapeutic targets. Two key questions driving Neisseria research are how 
human transferrin is specifically targeted, and how the bacteria liberate iron from transferrin at neutral pH. To address 
these questions, we solved crystal structures of the TbpA-transferrin complex and of the corresponding co-receptor 
TbpB. We characterized the TbpB-transferrin complex by small-angle X-ray scattering and the TbpA-TbpB-transferrin 
complex by electron microscopy. Our studies provide a rational basis for the specificity of TbpA for human transferrin, 
show how TbpA promotes iron release from transferrin, and elucidate how TbpB facilitates this process. 


Neisseria comprise a large family of Gram-negative bacteria that 
colonize humans. Two family members, Neisseria gonorrhoeae and 
Neisseria meningitidis, are pathogens that invade the urogenital tract 
and nasopharynx, respectively, causing gonorrhoea, meningitis and 
other systemic infections. Although vaccines exist for bacterial 
meningitis, they have significant limitations’ and are ineffective 
against serogroup B N. meningitidis. Currently, there are no vaccines 
to protect against gonococcal infections. The recent emergence of 
antibiotic-resistant strains” adds urgency to the need to develop more 
effective countermeasures for both pathogens. 

Neisseria require iron for survival and virulence’. Unlike most Gram- 
negative bacteria, Neisseria do not make siderophores but instead 
extract iron directly from serum transferrin in the human host (TF). 
The neisserial transport system consists of two large surface proteins: 
TF-binding protein A (TbpA), a 100-kDa integral outer membrane 
protein belonging to the family of TonB-dependent transporters’; 
and TF-binding protein B (TbpB), an ~80-kDa co-receptor attached 
to the outer membrane by a lipid anchor (Supplementary Fig. 1). Both 
proteins are found in all clinical isolates of pathogenic Neisseria. TobpA 
binds apo and iron-containing transferrin with similar affinities, 
whereas TbpB only associates with iron-bound TF**. Although TbpA 
can extract and import iron without TbpB, the process is considerably 
more efficient in the presence of the co-receptor’*. TbpA and TbpB 
induce bactericidal antibodies in mice against N. meningitidis”'° and 
N. gonorrhoeae’, making both proteins important vaccine targets. To 
elucidate how TbpA and TbpB function to bind human TF selectively 
and extract its tightly bound iron (K, = 10°° M_') at physiological pH, 
we combined an approach consisting of X-ray crystallography, 
small-angle X-ray scattering and electron microscopy to determine a 
model of the 260-kDa iron import complex from N. meningitidis 
strain K454 (serogroup B). Because N. gonorrhoeae strains FA1090 
and FA19 express TbpA proteins that are 94% identical to the 
meningococcal protein, whereas the corresponding TbpB proteins 


are 61% and 69% identical, respectively, our results are relevant to 
both pathogens. 


Crystal structure of the TbpA-(apo)hTF complex 


Structural characterization of the neisserial iron import machinery 
was initiated by crystallizing N. meningitidis TbpA with full-length, 
glycosylated apo human transferrin (hTF) and solving the structure to 
a resolution of 2.6 A (Fig. 1, Supplementary Figs 2-4, 17 and Sup- 
plementary Table 1). Despite being significantly larger (~20%) than 
other structurally characterized TonB-dependent transporters’, 
TbpA retains the classic fold with a 22-strand transmembrane -barrel 
encompassing a plug domain (Fig. 1a). Most of the additional mass is 
found in several extracellular loops which extend up to ~60 A above 
the outer membrane. A plug loop implicated in iron uptake’! is 
unusually long and protrudes ~25 A above the cell surface. 

Human TF is a bilobal glycoprotein (~80 kDa) with a single ferric 
(Fe**) iron tightly bound within a cleft in each lobe (Fig. 1a and 
Supplementary Fig. 8). Each lobe of TF consists of two subdomains 
which form the cleft: N1, N2, Cl and C2. In the absence of iron, each 
lobe adopts an open conformation (Protein Data Bank (PDB) acces- 
sion code 2HAV)"™. To obtain the best model of neisserial iron import, 
we solved the structure of diferric hTF at 2.1 A resolution (Fig. 2d and 
Supplementary Fig. 8). In our diferric structure, each lobe is found in a 
fully closed conformation, nearly identical to the diferric structures 
for both porcine (PDB code 1H76) and rabbit (PDB code 1JNF) TF. 

When TbpA binds hTF, it sequesters ~2,500 A? of buried surface, 
with 81 TbpA residues and 67 hTF residues participating in the inter- 
action (Fig. la, c, e and Supplementary Table 2). TbpA binds exclu- 
sively to the C lobe of hTF, where electrostatic complementarity exists 
between the extracellular surface of TbpA (electropositive) and the 
C1 subdomain of hTF (electronegative) (Fig. 1b, d). Two notable 
features of the interface include: (1) the unusually long TbpA plug 
loop (residues 121-139) interacts directly with the C1 subdomain 
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Outer membrane 


Figure 1 | Crystal structure of the TbpA-(apo)hTF complex. a, The TbpA 
B-barrel is lime, the plug is red, the helix finger is magenta. For hTF, the C lobe 
is gold and the N lobe is salmon. A ferric ion has been modelled into the C lobe 
asa red sphere. b, Electrostatic potential of TbpA viewed from the extracellular 
surface with hTF shown in gold ribbon. c, Residues of TbpA that bind hTF: 


(Figs la, 2a, c and Supplementary Fig. 5), and (2) an o-helix in TbpA 
extracellular loop 3 (residues 351-361, the L3 ‘helix finger’) is inserted 
directly into the cleft of the C lobe between the C1 and C2 subdomains 
(Figs 1a, 2a, b and Supplementary Fig. 5). The interaction between 
TbpA and hTF was found to be relatively tolerant to point mutations 
in TbpA, as might be expected given the large binding interface 
(Supplementary Fig. 6). 

The mechanism of species specificity of neisserial TbpA for hTF is 
unknown. In in vitro assays, gonococcal and meningococcal TbpA 
proteins have been shown to bind human TF, but not TF from cow, 
horse, rabbit, mouse, rat, sheep, duck or pig’*'’. In addition, mice 


Figure 2 | TbpA distorts the iron coordination site in the hTF C lobe by 
inserting a helix from extracellular loop three. a, TbpA (green) inserts a helix 
finger from extracellular loop 3 (magenta) into the cleft of the hTF C lobe 
(gold). b, The helix finger interacts with the hTF C-lobe residues through main- 
chain and side-chain interactions. c, The long TbpA plug loop (pink) interacts 


54 | NATURE | VOL 483 | 1 MARCH 2012 


TbpA 


gold, hydrophobic interactions; green, hydrogen bonds; red, salt bridges 
(residues labelled). d, Electrostatic potential of hTF viewed from the 
extracellular surface with TbpA shown in green ribbon. e, Surface 
representation of hTF showing regions that bind TbpA. 


infected with N. meningitidis displayed a higher mortality rate when 
the iron source was Fe,hTF rather than bovine TF”®. From the TbpA- 
hTF crystal structure, seven sites spanning both the Cl and C2 
subdomains of hTF participate in binding TbpA (Fig. le and Sup- 
plementary Fig. 7), with each site containing one or more residues 
unique to human TF. 

Because TbpA shows limited sequence variation (Supplementary 
Fig. 5 and Supplementary Table 4), is present in all clinical isolates, 
and nearly all the interactions with hTF are mediated by extracellular 
loops of TbpA, we attempted to disrupt the TbpA-hTF interface to see 
if this would be a viable therapeutic strategy. Peptides from four loops 


q Holo (closed) 
TbpA-bound o° 
24° 
C lobe 
Apo (open) 
50° 
e 


with residues from the C1 subdomain. d, Comparison of C-lobe conformations 
for holo (green), apo (grey, PDB code 2HAU), and TbpA-bound TF (gold). 
e, Superposition of residues coordinating iron in diferric hTF (grey) with the 
same residues in hTF when bound to TbpA (gold). Distances for the residues 
coordinating iron are shown for the TbpA-bound state. 
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Figure 3 | SAXS analysis of the N. meningitidis TbpB-(holo)hTF complex. 
a, Superposition of TbpB from N. meningitidis with three TbpB structures from 
porcine pathogens. Whereas C lobes align closely, the N lobes show sequence 
and structural variability. Residues that diminish hTF binding when mutated 
are shown as spheres. Position 206 (proline in N. meningitidis) is critical for 
interaction with hTF. b, Competition ELISA showing relative binding affinities 
of TbpA and TbpB for apo-hTF, holo-hTF, hTF-Fey and hTF-Fec. Each 
experiment was performed in triplicate and data reported with standard errors. 
c, Fitting of the TbpB-(holo)hTF complex model into the averaged ab initio 
envelope was performed using Chimera. TbpB is shown in cyan, and hTF is 
shown in salmon (N lobe) and gold (C lobe). 


(loops 3, 7, 11 and the plug loop) that make substantial contacts with 
hTF were used as antigens for polyclonal antibody development 
(Supplementary Table 3). All four antibodies reduced hTF binding 
(Supplementary Fig. 9). These results show that although the TbpA- 
hTF interface is extensive, reagents can be designed to disrupt it. 


TbpA induces a conformational change in the hTF C lobe 
In the full-length apo-hTF structure™, both the N and C lobes are in 
‘open’ conformations, with 59.4° and 49.5° rotations required to align 
subdomains with diferric hTF (Fig. 2d and Supplementary Fig. 8). In 
the TbpA-hTF complex crystal structure, the N lobe is in the fully 
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Figure 4| Analysis of the TbpA-TbpB-(holo)hTF triple complex by 
negative stain electron microscopy. a, Model of the triple complex. TbpA is 
green, TbpB is light blue and hTF is gold. b, Purification of the triple complex by 
size-exclusion chromatography. The Coomassie-stained SDS gel shows 
purified TbpA in lane 1, the TbpB-(holo)hTF complex in lane 2, and the TbpA- 
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open conformation. Notably, interaction with TbpA causes the C lobe 
to adopt a conformation midway between open and closed, with a 24° 
rotation required to align Cl and C2 subdomains with diferric hTF 
(Fig. 2d and Supplementary Fig. 10). The TbpA L3 helix finger is 
inserted into the cleft, where it interacts with D634 from the Cl 
subdomain and several residues from the C2 subdomain (Fig. 2a, 
b). The long TbpA plug loop also interacts with the surface of the 
C1 subdomain of hTF (Fig. 2c). These interactions induce a partial 
opening of the cleft in the hTF C lobe, thereby destabilizing the iron 
coordination site to facilitate the release of iron from the C lobe to 
TbpA. Figure 2e shows the residues coordinating iron in the hTF 
C-lobe structure and the significant increase in these distances when 
hTF binds TbpA. Such increases are clearly incompatible with tight 
binding of iron in the C lobe. 


X-ray and SAXS structures of TbpB and TbpB- (holo) hTF 


Although only TbpA can acquire iron from hTF, the reaction is 
enhanced by expression of the co-receptor TbpB”*, which preferen- 
tially binds holo-hTF°. To understand how TbpB facilitates iron 
extraction and uptake, we solved the structure of N. meningitidis 
TbpB (Fig. 3a, Supplementary Figs 12, 18 and Supplementary Table 1). 
TbpB consists of N and C lobes that are structurally similar, sharing an 
eight-strand B-barrel subdomain flanked by a four-strand ‘handle’ 
domain. 

TbpB proteins from different isolates vary substantially in size and 
sequence (Supplementary Fig. 11), but the overall fold is conserved. 
Our structure aligns closely with three TbpB structures from porcine 
pathogens’””° and shows that sequence and conformational variations 
are found primarily in the N lobe (Fig. 3a and Supplementary Fig. 12b). 
Specifically, residues affecting TF binding lie on the distal surface of the 
N lobe’ and confer much of the TF species specificity (Fig. 3a). We 
made point mutants at four sites on this surface that reduced or 
abolished binding to hTF (Fig. 3a and Supplementary Fig. 12). An 
analysis of our mutants, and those reported previously, demonstrates 
that the major site of interaction lies in the N lobe. 

To clarify the interactions of purified TbpA and TbpB with hTF, an 
enzyme-linked immunosorbent assay (ELISA) was used to probe 
binding to Fe,hTF, monoferric hTF with iron only in the N lobe 
(Fey), or in the C lobe (Fec), and apo-hTF (incapable of binding iron 


200 A 


TbpB-(holo)hTF complex in lane 3. c, Row 1, set of seven non-redundant class 
averages of negatively stained complexes; row 2, examples of individual images 
assigned to the respective classes; row 3, re-projections of the model in the 
corresponding orientations, band-limited to 15 A resolution; row 4, surface 
renderings of the band-limited model in the corresponding orientations. 
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in either lobe)”. Consistent with earlier studies using apo- or holo- 
hTF®, TbpA binds all four hTFs with equal affinity regardless of the 
iron status of either lobe (Fig. 3b). In contrast, TbpB has a strong 
preference for hTF constructs with iron bound in the C lobe, regardless 
of the coordination state of the N lobe. These experiments clearly show 
that, at least in vitro, hTF interacts with TbpA and TbpB solely through 
the C lobe and is not affected by the presence or absence of iron in the N 
lobe. Our results indicate that Neisseria cannot use the entire serum TF 
iron supply and that the primary function of TbpB is to select and 
concentrate on the cell surface only those forms of TF that are able to 
provide iron to the bacterium. 

Because TbpB primarily binds the C lobe of hTF through its N lobe, 
we performed steered molecular docking for the TbpB-hTF complex 
based on previous docking studies for the porcine complex” and on 
our mutagenesis results. We collected small-angle X-ray scattering 
(SAXS) data on the TbpB-(holo)hTF complex (Supplementary Figs 12 
and 13) and used GASBOR™ to construct the SAXS envelope (Fig. 3c 
and Supplementary Fig. 13). The resulting molecular envelope 
describes the spatial arrangement of TbpB and hTF, and was used to 
fit the TbpB-hTF complex structure. Binding TbpB to hTF buries 
~1,300 A? of surface area and, notably, uses a region of the hTF C lobe 
distinct from the site where TbpA binds. 


Structure of the triple complex by single-particle EM 

On the basis of the TbpA-(apo)hTF crystal structure and the SAXS 
solution structure of the TbpB-(holo)hTF complex, we formed an 
in silico model for the TbpA-TbpB-(holo)hTF triple complex by 


Figure 5 | Mechanism for iron import. a, Binding surfaces of TbpA (green) 
and TbpB (cyan) mapped onto the hTF C lobe. b, Enclosed chamber formed by 
TbpA-TbpB-(holo)hTF (left, magenta sphere). A cutaway view (right) from 
inside the chamber illustrates the proximity of the iron (red). c, Model for iron 
release. Conserved K359 in the L3 helix finger is positioned to interact with 
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superposing the two complexes along the Cl subdomain of hTF 
(Fig. 4a). To test this model, we assembled the triple complex from 
its components (Fig. 4b) and visualized the resulting particles by 
negative staining electron microscopy (EM) (Fig. 4c and Supplemen- 
tary Fig. 14). A set of 4,240 particles was subjected to a reference-free 
classification to identify subsets of like images, representing molecules 
viewed in the same orientation; the members of each class were then 
averaged to suppress noise. Several of the class averages show a central 
density, ~45 A across, to which two small globular densities are 
appended at points about 120° apart around its periphery (for 
example, Fig. 4c (asterisk) and Supplementary Fig. 14). A plausible 
interpretation is that the central density corresponds to the B-barrel 
domain of TbpA and the two appended densities to TbpB and hTF 
(Supplementary Fig. 14), in agreement with our model for the triple 
complex. 


Iron extraction and import 

The X-ray, SAXS and EM structures support a consistent arrangement 
for the TbpA-TbpB-(holo)hTF complex. Although TbpA and TbpB 
each bind hTF tightly through the C lobe, they have unique, non- 
overlapping binding sites (Fig. 5a). A consequence of the assembly of 
the triple complex is the formation of an enclosed chamber (volume of 
~1,000 A) at the union of the three protein components, which sits 
directly above the plug domain of TbpA (Fig. 5b). This chamber may 
serve two important roles for iron acquisition by the bacteria: (1) 
prevent diffusion of iron released from hTF; and (2) guide the iron 
towards the B-barrel domain of TbpA for subsequent transport. 


TbpA 


2 3 


Restriction 


residues that regulate iron release in eukaryotic iron uptake. d, Import of iron 
through TbpA. 1, an electrostatic surface depicts cavities between the TbpA 
barrel and plug domain; 2, plug domain constrictions close the tunnel; 3, 
molecular dynamics simulations show removal of constrictions upon 
interaction with TonB. 
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A plausible mechanism for iron extraction from hTF is shown in 
Fig. 5c. Insertion of the TbpA L3 helix finger into the cleft between the 
C1 and C2 subdomains of hTF positions a conserved lysine (TbpA 
K359; Supplementary Fig. 4) near the hTF triad of charged residues 
(hTF K534, R632 and D634) that has been implicated in iron release 
from the C lobe”. TbpA K359 is perfectly situated to interact with 
D634, which would disrupt the charge neutralization it normally 
provides to the two basic triad residues K534 and R632. This potential 
charge repulsion between the hTF Cl and C2 subdomains could 
induce cleft opening (as observed in the TbpA-(apo)hTF crystal 
structures), resulting in distortion of the C-lobe iron-binding site 
and subsequent iron release. Notably, a recent study indicates that 
an hTF D634A mutant has a rate of iron release that is 80-fold faster at 
pH 5.6 than the control under the same conditions”. 

To investigate iron transport across the outer membrane, steered 
molecular dynamics was used to simulate interactions between TbpA 
and TonB (Supplementary Fig. 15). In the ground state structure, a 
large, highly negative transmembrane cavity is located between the 
barrel wall and the plug domain, but access is restricted on the extra- 
cellular side by residues 91-96 (restriction loop) and on the periplasmic 
side by residues 65-71 (helical gate) from the plug domain (Fig. 5d). 
When force (designed to mimic interaction with TonB) is applied to the 
plug domain, it sequentially unfolds beginning with removal of the 
helical gate followed by the restriction loop, producing an unobstructed 
pathway from the extracellular space to the periplasm (Supplementary 
Movie 1). This pathway is lined by the EIEYE motif of the plug 
domain”, which contains multiple oxygen donor groups that could 
transiently bind iron as it is transported through TbpA. 


Concluding remarks 


Humans and bacteria have each developed unique strategies to acquire 
iron from serum transferrin’””* (Supplementary Fig. 16). Our TbpA- 
TbpB-hTF X-ray, SAXS and EM structures indicate a mechanism for 
bacterial uptake of iron with the following characteristics: (1) a large 
TbpA-hTF binding interface with many human-TF-specific inter- 
actions; (2) iron removal from the hTF C lobe by insertion of a helical 
element from TbpA into the iron-binding cleft; and (3) iron transport 
across the outer membrane after TonB-dependent conformational 
changes in the TbpA plug domain. This system allows efficient extrac- 
tion of iron despite the extremely high affinity of hTF bound iron at 
neutral pH. The TbpB co-receptor, which is tethered to the cell surface 
by a long, unstructured polypeptide chain, is able to attract and pref- 
erentially bind hTF with iron in the C lobe, thereby increasing the 
efficiency of the system. Crucial to the mechanism, TbpA and TbpB 
associate with different regions of the hTF C lobe, creating an enclosed 
chamber above the plug domain to ensure that iron is efficiently 
sequestered and directionally transported through the TbpA barrel 
(Supplementary Movie 2). Finally, as TbpA and TbpB are surface- 
exposed, antigenic and required for neisserial infections”, our struc- 
tures provide the necessary information for structure-based vaccine 
and drug design’®. 


METHODS SUMMARY 


The TbpA-(apo)hTF complex was crystallized from TbpA expressed in 
Escherichia coli and apo-hTF purchased from Sigma-Aldrich. For the TbpA- 
(apo)hTF C-lobe structure, hTF incorporating a protease cleavage site between 
N and C lobes was expressed in BHK cells and purified as described*’. Full-length 
N-His-tagged hTFs including holo, authentic apo, and both monoferric forms 
were expressed in BHK cells and purified as described”*. The diferric hTF struc- 
ture was solved using protein purchased from Sigma-Aldrich. The hTF C-lobe 
structure was solved using hTF C lobe from a construct containing a TEV protease 
site between the N and C lobes, expressed in BHK cells, and purified*’. TbpB was 
expressed in E. coli. X-ray data were collected at GM/CA and SER-CAT beamlines 
of the Advanced Photon Source synchrotron. SAXS data was collected on beamline 
BL4-2 at the Stanford Synchrotron Radiation Lightsource. EM data were collected 
on a CM120-LaB6 electron microscope (FEI), operating at 120kV. Molecular 
dynamics simulations were performed using the program NAMD”. 
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Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Cloning, expression and purification of TbpA. The N. meningitidis TbpA 
sequence from strain K454 (B15:P1.7,16) was subcloned into pET20b (Novagen) 
containing an N-terminal 10-His tag. TbpA mutants were created using site- 
directed mutagenesis using QuikChange (Stratagene). For structural studies, 
mutation of M889 to Tyr improved expression levels. TbpA was expressed in 
BL21(DE3) cells at 20 °C without induction in terrific broth (TB) and carbenicillin. 
Expression for the mutants followed the same protocol. 

For purification, cells were re-suspended in lysis buffer (50mM Tris-HCl, 

pH7.5, 200mM NaCl, 1mM MgCl, 101g ml~’ DNasel, 100 pg ml”? AEBSF) 
and lysed by two passages through an Emulsiflex C3 (Avestin) homogenizer at 
4°C. The lysate was centrifuged at 12,000g for 10 min to remove unlysed cells and 
the supernatant was incubated with 2% Triton X-100 for 30 min at room temper- 
ature. The mixture was centrifuged at 160,000g for 90 min at 4 °C. The membrane 
pellets were re-suspended in 50mM Tris-HCl, pH7.5, 200mM NaCl, 20mM 
imidazole and solubilized by constant stirring using 5% Elugent for 16h at 4°C. 
Solubilized membranes were centrifuged at 265,000g for 60 min at 4°C and the 
supernatant filtered and applied to a 15-ml Ni-NTA column. TbpA was eluted 
using 250 mM imidazole. Peak fractions were concentrated and applied to an 
S-300HR Sephacryl size exclusion column (GE Healthcare) using 20mM Tris- 
HCl, pH7.5, 200mM NaCl, 0.8% CgE, and 0.02% NaN3. Peak fractions were 
verified using SDS-PAGE and western blot analysis using an anti-His monoclonal 
antibody (Sigma). 
Cloning, expression and purification of TbpB. The TbpB sequence (starting at 
residue L22) from N. meningitidis K454 was codon optimized and synthesized by 
GenScript and subsequently subcloned into a pET28b vector (Novagen). TbpB 
was expressed in T7-Express cells (NEB) at 37°C with IPTG induction at an 
optical density at 600nm of 0.75-1.0 with continued expression for 4h. 
Mutants were expressed using the same protocol. 

For purification, cells were harvested and re-suspended in 5 ml PBS per gram of 
cell paste and supplemented with 10 1gml' AEBSF and 100 gml_' DNasel. 
Cells were lysed by French press and then centrifuged for 45 min at 38,400g. The 
supernatant was applied to a Ni-NTA column and washed with 10 column 
volumes of PBS. A final wash was performed with PBS containing 20mM 
imidazole before elution with PBS/250 mM imidazole. Eluted protein was then 
dialysed against PBS overnight at 4°C. For constructs where the His tag was 
removed, TEV-HIS protease was added, the sample was dialysed and then passed 
through a second Ni-NTA column to remove uncleaved protein and protease. 
Finally, samples were purified by size-exclusion chromatography in PBS/0.02% 
NaN3. 

Crystallization and data collection. For crystallization of the TbpA-hTF com- 
plex, apo-human transferrin (Sigma) was mixed with TbpA at a 2:1 ratio and 
incubated on ice for 1h. The complex was isolated using Sephacryl S300HR 
chromatography equilibrated with 20mM Tris-HCl, pH7.5, 200mM NaCl, 
10mM Na-citrate, 1mM EDTA, 0.8% CgE, (Anatrace) and 0.02% NaN3. 
Fractions corresponding to the TbpA-hTF complex were verified using SDS- 
PAGE, pooled and concentrated to 10 mg ml |. Heptane-1,2,3-triol was added to 
3% final concentration, incubated on ice for 30 min and then the protein sample 
was filtered before crystallization. Sparse matrix screening was performed using a 
TTP Labtech Mosquito crystallization robot using hanging-drop vapour dif- 
fusion and plates incubated at 21°C. The best crystals were grown in 24-well 
Linbro plates (Hampton Research) from 20% Peg3350 and 200 mM BaBrp. Data 
were collected at the SER-CAT beamline of the Advanced Photon Source of 
Argonne National Laboratory and data processed using HKL2000**. The space 
group was P2,2)2, with one mol per asymmetric unit (ASU) and final cell 
parameters a = 91.014, b = 129.362, c = 198.589, « = 90.00, 3 = 90.00, y = 90.00. 

For crystallization of the TopA-hTF C-lobe complex, hTF C lobe*' was mixed 
in a 2:1 ratio with TbpA and the complex isolated by Sephacryl S300HR chro- 
matography using 20mM Tris-HCl, pH7.5, 200mM NaCl, 0.1% LDAO and 
0.02% NaN3. Final crystal conditions consisted of 21% PEG 1000, 100mM 
sodium acetate buffer (pH 4.8), 200 mM NaCl, 0.1% LDAO and 3% heptane- 
1,2,3-triol. Data were collected and processed as described for the TbpA-hTF 
complex. The space group was P21 with one mol per ASU with final cell parameters 
a = 58.055, b = 107.592, c = 130.721, x = 90.00, f = 94.48, y = 90.00. 

TbpB was crystallized from a 10 mg ml’ solution with 2.0 M NaCl and 2.0M 
ammonium sulphate. Data were collected at the GM/CA CAT beamline of the 
Advanced Photon Source of Argonne National Laboratory and data were pro- 
cessed using HKL2000**. The space group was P21 with two molecules per ASU 
with final cell parameters a= 75.288, b= 82.761, c= 111.882, «= 90.00, 
B = 105.95, y = 90.00. 

For diferric hTF crystallization, 100 mg of holo-hTF (Sigma) was solubilized and 
further purified by Sephacryl S300HR chromatography using 20 mM Tris-HCl, 
pH7.5 and 200mM NaCl. The protein was then concentrated to ~50 mg ml! 
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and crystallized using 100 mM HEPES, pH7.5, 1.6 M ammonium sulphate, and 
2% PEG 1000, with red-tinted crystals appearing only after several months and 
being extremely sensitive to even slight temperature changes. Drops containing the 
crystals were quickly hydrated with 3.4M ammonium sulphate immediately 
before being flash cooled in liquid nitrogen and stored for data collection. Data 
were collected at the SER-CAT beamline of the Advanced Photon Source of 
Argonne National Laboratory and data were processed using HKL2000*. The 
space group is C2 with six molecules per ASU and final cell parameters 
a = 254.53, b = 173.00, c = 150.15, « = 90.00, 6 = 123.26, y = 90.00. 

For hTF C-lobe crystallization, (holo)C lobe** was mixed with excess TbpB N 

lobe and the complex isolated by size-exclusion chromatography as above in 
25mM Tris pH 8.0, 200 mM NaCl. The complex was concentrated to ~10 mg 
ml! and broad screening performed using a Mosquito crystallization robot. 
Several crystallization conditions were observed; however, none was red in colour 
as might be expected for iron-bound crystals and most contained citrate, which is 
a known iron chelator. Data were collected and analysed as for TbpB. The space 
group was [422 with 1 mol of hTF C lobe per ASU with final cell parameters 
a = 95.847, b = 95.847, c = 204.140, « = 90.00, 3 = 90.00, y = 90.00. No TbpB N 
lobe was present in the crystals. 
Structure determination. For TbpA-hTF, we were unable to collect useful heavy 
atom derivatives for experimental phasing, and selenomethionine-substituted 
TbpA protein yields were not sufficient for crystallization. We eventually used 
molecular replacement in PHASER-CCP4*° to solve the TbpA-hTF complex 
structure. Here, we first searched for each of the two domains (N lobe and C 
lobe) of hTF using the deposited coordinates (PDB code 2HAV), which produced 
good solutions with Z-scores above 8. However, although the electron density for 
the hTF molecule was reasonable, the electron density for TbpA was poor and 
could not be used for model building. Our attempts at using known TonB- 
dependent transporter structures as search models (barrel and plug, together 
and individually) were unsuccessful (low Z-scores and LLG scores). We then 
aligned the TbpA sequence to our structure-based sequence alignment reported 
in our recent review* and found that TbpA contained many conserved regions 
characteristic of TonB-dependent transporters. Using the alignment between 
TbpA and its closest relative, FhuA (10% identity, ClustalW), and trimming 
the extracellular loops, 500 models within a root mean squared deviation of 
5 A were produced using Modeller (Accelrys). Each of these models was then 
used for molecular replacement within PHASER-CCP4*, with two of them 
producing Z-scores above 8. The solution with the highest LLG (containing both 
hTF and the TbpA model) was refined in PHENIX”** producing an initial R/Rfree 
value of 0.43/0.48. Further model building was performed using COOT” and 
subsequent refinement done in PHENIX** and BUSTER-TNT™. During the final 
states of refinement, extra density was observed which was mapped to residues 
N413 and N611 of hTF, both of which are reported as possible N-linked 
glycosylation sites. Therefore, N-linked glycans were built for these two residues. 
The final structure was solved to 2.60 A with R/Rgee values of 0.22/0.28. The 
TbpA-hTF C-lobe structure was solved by molecular replacement using the 
coordinates from the TbpA-hTF (full-length) structure reported here. Two 
search models were formed, one for TbpA and one for hTF C lobe. PHASER- 
CCP4* was used for molecular replacement and subsequent refinement per- 
formed using PHENIX”*. The structure was solved to 3.1 A resolution with final 
R/Réree Values of 0.24/0.29. 

The TbpB structure was solved by molecular replacement using PDB code 
3HOL. An initial model was created using the Swiss Model server” that was 
subsequently divided into four different search domains. PHASER-CCP4* was 
used for molecular replacement and subsequent refinement performed using 
PHENIX**. The structure was solved to 2.40 A resolution with final R/Réree Values 
of 0.25/0.30. 

The diferric hTF crystal structure was solved by molecular replacement using 
Phaser-CCP4*°. Search models for the N lobe and C lobe were created separately 
with the program Chainsaw (CCP4) using the existing diferric porcine TF coor- 
dinates (PDB code 1H76). Six copies of each lobe (six molecules of hTF total) were 
found in the ASU and the iron sites were easily observed in the difference density. 
These iron sites were further verified in an anomalous difference electron density 
map. Refinement was performed using PHENIX” and the structure was solved to 
2.1 A resolution with final R/Réree values of 0.19/0.23. 

The non-glycosylated hTF-C-lobe structure was solved by molecular replace- 
ment using PDB code 2HAU. An initial search model was formed by truncating 
the N-lobe domain. PHASER-CCP4* was used for molecular replacement and 
subsequent refinement performed using PHENIX”. The structure was solved to 
1.7A resolution with final R/Rg.e. values of 0.17/0.19. For all structures, figures 
were made with PyMOL (Schrodinger) or Chimera“ and annotated and finalized 
with Adobe Illustrator. 
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Dot blots. Whole cells (2 ul, 0.01 g ml!) and cell lysates (unmodified for TbpB 
samples, or incubated for 3 h with 2mM EDTA and 1% DDM at room temper- 
ature for TbpA samples) were spotted onto nitrocellulose membrane and allowed 
to dry at room temperature. The membranes were then blocked with PBST 2% 
BSA for 15 min, washed and probed with HRP-conjugated hTF (1:1,000) 
(Jackson ImmunoResearch) for 15min. The membrane was then washed and 
imaged using the colorimetric substrate 3,3’-diaminobenzidine (Sigma) where 
the appearance of a red dot indicated specific binding of the hTF-HRP conjugate. 
The results from the mutants were compared to wild-type Tbp to determine their 
effect on hTF binding. 

ELISA. Whole cells (100 ul at 10mg ml! or 1mgml * in PBS) of wild-type 
TbpA, empty vector control (pET20b) and TbpA mutants were added to a 
NUNC polystyrene 96-well plate (Fisher Scientific) and incubated at 37°C 
overnight. Wells were washed 2X with PBST and then blocked with PBST 2% 
BSA for 30min and probed with hTF-HRP (1:1,000) for 15min. Wells were 
washed 2X in PBST, 2X in PBS, and then developed using 100 pl 3,3’,5,5'- 
tetramethylbenzidine substrate (TMB, Sigma) for 5 min and terminated using 
Stop solution (Sigma). Absorbances of each well were determined using a BioRad 
iMark plate reader at 450 nm and data normalized and compared to wild-type 
TbpA. Each experiment was performed in triplicate and data reported with 
standard errors. 

Antibody blocking assays. Using the TbpA-hTF crystal structure reported here, 
we designed four different peptides based on four loops from TbpA (loops 3, 7, 11 
and plug loop) to be used as antigens for polyclonal antibody development 
(Precision Antibody). A fifth polyclonal antibody was developed using purified 
full-length TbpA (1X PBS 7.4, 0.1% DDM). An ELISA was designed to probe 
whether or not these antibodies could block hTF binding. Here, TbpA-His 
(20 ng) was incubated for 20 min in a final volume of 100 pil either alone or in 
the presence of each antibody (1:20) individually in PBS containing 0.05% Cymal-6 
(Anatrace). In addition, we tested the antibodies that targeted TbpA loops in 
combinations to determine if an additive affect could be observed. Each sample 
was then transferred to a 96-well Ni-NTA Agarose HiSorb plate (Qiagen) and 
incubated for 30 min and washed 2X with PBST + 0.05% Cymal-6. Assays were 
performed as described in the previous section. In a second set of ELISAs, TbpA- 
His was first bound to the Ni-NTA Agarose HiSorb plate before incubation with 
antibodies. Results were analysed and initial graphs made using Microsoft Excel. 
The graphs were then imported, annotated and finalized with Adobe Illustrator. 
Protease accessibility of TbpA and TbpA mutants. To confirm that TbpA and 
the TbpA mutants were being properly presented at the surface of the bacteria, we 
treated whole cells with trypsin (5 ug ml! final concentration) for 15 min at 
room temperature and the reaction was stopped by the addition of AEBSF (0.2 mg 
ml! final concentration). The cells were then centrifuged and supernatant 
removed. The pellets were then re-suspended in LDS loading buffer, boiled for 
10 min, centrifuged for 10 min, and then separated on a NuPAGE Novex 4-12% 
Bis-Tris gel. The samples were then transferred to a PVDF membrane using an 
iBlot system (Invitrogen) and western blot analysis performed using a polyclonal 
anti-TbpA antibody (1:1,000) and a monoclonal anti-His HRP-conjugated 
antibody (Sigma) (1:5,000). Here, each membrane was blocked with 2% BSA in 
1X PBST for 15 min and then probed with either the anti-TbpA or anti-His HRP 
conjugated antibody for 30 min. The anti-TbpA membrane was then washed 2 
with 2% BSA in 1X PBST and then probed with anti-mouse HRP-conjugated 
secondary antibodies for an additional 30 min. Both membranes were then 
washed 2X with 1X PBST, 2x with 1x PBS, and then imaged using the 
colorimetric substrate 3,3’-diaminobenzidine (Sigma). The results from the 
mutants were compared to wild-type TbpA to determine which constructs were 
being presented on the surface of the cells. 

Transferrin competition assays. To determine if the affinity of hTF to either 
TbpA or TbpB is affected by the conformation or coordination state of the N lobe, 
we performed an ELISA competition assay using apo-hTF, holo-hTF, hTF—Fey 
(iron bound in N lobe only) and hTF-Fe¢ (iron bound in C lobe only), which were 
expressed in BHK cells and purified as described”. Here, His-TbpA (20 ng) or 
His-TbpB (20 ng) was incubated for 15 min in a final volume of 100 il in a 96- 
well Ni-NTA HiSorb plate (Qiagen) in 1 PBS (0.05% cymal-6 was added to all 
buffers for HIS-TbpA). Wells were washed 2 with PBST, blocked with 2% BSA 
in PBST for 15 min, and then incubated with each of the transferrin constructs 
(apo, holo, Fey, Fec) (100 ng each) for 15 min. Wells were washed again 2X with 
PBST and then probed for 20 min with HRP-conjugated hTF (1:1,000) (Jackson 
ImmunoResearch) in 100 ul final volume. Wells were washed again 2x with 
PBST and then 2X with PBS and imaged using 100 111 3,3’,5,5’-tetramethylbenzidine 
substrate (Sigma) for ~5 min and terminated using Stop solution (Sigma). Data 
were collected and analysed as described above. 

Small-angle X-ray scattering analysis. The TbpB-hTF complex was dialysed 
overnight at 4°C into TBS, pH 7.4 (25 mM Tris, 137 mM NaCl, 3mM KCl) and 


then filtered using a 0.2 um spin filter. Data were collected at concentrations of 1, 
2.5and5 mg ml’ at Stanford Synchrotron Radiation Lightsource beamline BL4- 
2. Data reduction and analysis were performed using the beamline software 
SAStool. The program AutoGNOM of the ATSAS suite*' was used to generate 
P(r) curves and to the determine maximum dimension (D,,a,) and radius of 
gyration (Rg) from the scattering intensity curve (I(q) versus q) in an automatic, 
unbiased manner, and rounds of manual fitting in GNOM” were used to verify 
these values. Ab initio molecular envelopes were computed by the programs 
GASBOR™. Ten iterations of GASBOR were averaged using DAMAVER®. 
Docking of the TbpB and diferric hTF crystal structures into the molecular 
envelope was performed manually, guided by both previous docking studies” 
and mutagenesis results. Figures were made with PyMOL and annotated and 
finalized with Adobe Illustrator. 

Modelling the TppA-TbpB-hTF triple complex. The in silico TbpA-TbpB- 
hTF triple complex was assembled based on our crystal structures (TbpA- 
(apo)hTF, diferric hTF, TbpB) and SAXS analysis (TbpB-(holo)hTF) reported 
here. The crystal structure (TbpA-hTF) was aligned with our TbpB-hTF model 
using the Cl subdomain of hTF as a reference, yielding a triple complex contain- 
ing a 1:1:1 ratio of TbpA, TbpB and hTF. Figures were made with PyMOL and/or 
Maya (Autodesk) and annotated and finalized with Adobe Illustrator. 

Electron microscopic analysis. The triple complex (TbpA-TbpB-(holo)hTF) 
was prepared from separately purified components by first forming a complex 
between TbpB and (holo)hTF, which was purified by size-exclusion chromato- 
graphy in 1X PBS. Cymal-6 was added to a final concentration of 0.05% and 
purified TbpA (in 1X PBS, 0.05% Cymal 6) was added to the mixture using an 
excess of the TbpB-(holo)hTF complex. The triple complex (which retains a 1:1:1 
stoichiometry) was isolated by sized exclusion chromatography in buffer A 
(1X PBS in 0.05% Cymal 6) and used immediately for EM experiments. The 
complex was diluted with buffer A to an optimal concentration for EM (deter- 
mined empirically to be ~1 j1g ml '). Drops (4 pil each) were applied to carbon- 
coated, glow-discharged EM grids (EMS). After 1 min, the grid was blotted, 
washed twice with buffer A, once with distilled water, and then stained with 
2% uranyl acetate. Grids were observed with a CM120 La-B6 electron microscope 
(FEI), operating at 120 kV. Micrographs were recorded on $O163 film (Kodak) at 
a nominal magnification of 45,000, and digitized on a Nikon Coolscan 9000 at a 
rate corresponding to 1.55 A per pixel. The large majority of particles distributed 
evenly on the grid and were essentially uniform in size (~90-110 A in diameter), 
indicative of a homogeneous population. 

The particles were variable in substructure, suggesting that the molecules 
deposit on the grid in a variety of orientations. Accordingly, a data set of 4,240 
particles was subjected to a ‘reference free’ classification, using SPIDER”, 
EMAN* and Bsoft*’. Images were picked using a 256 X 256 pixel box, and binned 
four times (to 6.2 A per pixel) to increase the signal-to-noise ratio and the speed of 
calculation. Initial reference-free classification and averaging were performed 
using EMAN; further classification was done in SPIDER, using principal com- 
ponent analysis (PCA) with three cycles of iteration. We chose to obtain 56 final 
class averages, based on a cluster distribution obtained from PCA. 

The coordinates of the modelled triple complex were converted to a density map 
and low-pass filtered to 15 A. The sampling rate of the density map was set to be same 
as the EM images and two-dimensional projections were calculated at angular incre- 
ments of 30° (Supplementary Fig. 14b). Comparisons and matching between the EM 
class averages and the model re-projections were done in terms of cross-correlation 
coefficients. A few ambiguous cases were reassigned by visual assessment. Figures 
were made with Chimera and annotated and finalized with Adobe Illustrator. 
Molecular dynamics simulations. For simulations of TbpA bound to apo-hTF, a 
membrane-water system containing the protein complex was first built using 
VMD”. The complex was placed in a DMPE bilayer as used previously’, with 
the barrel of TbpA aligned with the membrane’s hydrophobic core, and then fully 
solvated. Disulphide bonds for three pairs in TbpA and 19 pairs in hTF were 
added based on S-S proximity. Ca”* and Cl” ions were added to a concentration 
of 100 mM, resulting in an initial size of 264,000 atoms. The system was equili- 
brated in stages for 13.5 ns, including 10 ns of fully unrestrained dynamics. The 
simulations were run using NAMD 2.7” in the NPT ensemble at a temperature of 
310K and a pressure of 1 atm; after the first 3.5 ns of equilibration, the area of the 
membrane was fixed. Other simulation parameters were set identically to those 
used previously**. For steered molecular dynamics (SMD) simulations, the Ca 
atom of the TbpA N-terminal plug domain residue was pulled in the —z direction, 
away from the membrane, at a constant velocity of 5Ans ! (refs 33, 49). To 
counterbalance the pulling forces, six residues at the extracellular periphery of the 
barrel domain were restrained in the z direction. An adaptive procedure was used 
to limit the maximum required system size during SMD simulations*®. When the 
extension of the unfolded region of the plug domain brought it near to the 
periodic boundary, the simulation was stopped, the unfolded region of the plug 
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domain distant from the barrel and membrane was cleaved, and the simulation 
restarted after a short equilibration of the water with the new N-terminal residue 
being pulled. With this procedure, used three times, approximately 150 A of 
pulling was accomplished while keeping the system sizes below 300,000 atoms. 
Sequence analysis and alignments. Sequence analysis and alignments were per- 
formed and analysed with the programs STRAP” and JalView™. Figures were 
annotated and finalized with Adobe Illustrator. 
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Gain control by layer six in cortical 


circuits of vision 


Shawn R. Olsen!*, Dante S. Bortone!*, Hillel Adesnik! & Massimo Scanziani! 


After entering the cerebral cortex, sensory information spreads through six different horizontal neuronal layers that are 
interconnected by vertical axonal projections. It is believed that through these projections layers can influence each 
other’s response to sensory stimuli, but the specific role that each layer has in cortical processing is still poorly 
understood. Here we show that layer six in the primary visual cortex of the mouse has a crucial role in controlling the 
gain of visually evoked activity in neurons of the upper layers without changing their tuning to orientation. This gain 
modulation results from the coordinated action of layer six intracortical projections to superficial layers and deep 
projections to the thalamus, with a substantial role of the intracortical circuit. This study establishes layer six as a 
major mediator of cortical gain modulation and suggests that it could be a node through which convergent inputs 
from several brain areas can regulate the earliest steps of cortical visual processing. 


Primary sensory areas in the cerebral cortex are composed ofa stack of 
six neuronal layers’. Anatomical and physiological data indicate that 
these layers are interconnected through vertical excitatory axons*°, 
suggesting that sensory processing in any given layer may be modu- 
lated by activity in several other layers. However, so far the exact 
contribution of each layer to cortical processing is unclear. 

Here we address the role of layer six (L6) in mouse visual cortex, 
whose excitatory neurons not only project to more superficial layers 
but also to the primary sensory thalamic nuclei*”""’, the main source 
of sensory input to the cortex (Fig. 1a). L6 may thus influence cortical 
sensory responses directly through intracortical projections and 
indirectly through corticothalamic projections. Corticothalamic pro- 
jections were reported to be both suppressive and facilitatory on 
thalamic activity, depending on the precise alignment between L6 
and thalamic neurons (for reviews see refs 12-16). By contrast, how 
sensory responses in cortex are affected by L6 activity has remained 
largely unexplored’”"*. Furthermore, the relative contribution of 
intracortical versus corticothalamic projections in modulating cor- 
tical responses is currently unknown. The paucity of information is 
due to the lack of experimental tools for selectively manipulating 
activity in L6 without directly perturbing other cortical layers. 


L6 neurons of the Ntrsl-Cre GN220 line 


To control the activity of L6 we took advantage of a Cre-recombinase 
Bac transgenic mouse line that is reported to selectively label L6 neurons 
(NTSR1-Cre GN220)”. In the forebrain of these mice Cre expression 
was restricted to excitatory L6 neurons of the cerebral cortex (Fig. 1b 
and Supplementary Fig. 1). In primary visual cortex (V1) these neurons 
represented ~65% of the L6 excitatory neuronal population and, con- 
sistent with classification of L6 neurons in this region’, could be sub- 
divided into two morphologically distinct categories: those whose 
apical dendrites ended in L4 and those that extended to L1 (Fig. 1b 
and Supplementary Fig. 1g, h). Furthermore, consistent with the cor- 
ticothalamic projections originating from L6 in V1 (ref. 8), Cre- 
expresssing neurons projected to the dorsolateral geniculate nucleus 
(dLGN; the primary thalamic visual nucleus) and the nucleus reticularis 
thalami (NRT; the main thalamic inhibitory nucleus) (Fig. 1b and 


Supplementary Fig. 1d, e). Thirty-five percent of L6 excitatory neurons 
in V1 did not express Cre and these were morphologically distinct from 
the Cre-expressing population (Supplementary Fig. 1g). 

To manipulate the activity of L6 neurons we conditionally 
expressed the light-sensitive cation channel channelrhodopsin 2 
(ChR2)*°”* in V1 using viral injection into NTSR1-Cre mice (Sup- 
plementary Fig. 2a). A linear multichannel probe recorded the spiking 
activity of neuorns located across the vertical depth of cortex. Light- 
emitting diode (LED) illumination of the cortical surface for 500 ms 
with blue light (470 nm) increased the activity of L6 neurons in V1 of 
anaesthetized animals (Fig. lc-e and Supplementary Fig. 2b). This 
increase was not due to direct stimulation of the retina by the LED as it 
was absent in uninjected animals (Supplementary Fig. 2g). 


L6 activity suppresses other layers 


To determine how L6 activation affects visual responses in other 
layers, we presented drifting gratings, and alternated control trials 
(visual stimulus only) with trials in which L6 was photostimulated 
(Fig. 1c). Notably, photostimulation of L6 rapidly and reversibly 
suppressed visually evoked multi-unit activity throughout the depth 
of the cortex (Fig. 1d). L6 photostimulation also reduced spontaneous 
activity (Supplementary Fig. 3d, e). This effect was absent in uninjected 
animals (Supplementary Fig. 2g). The suppressive action of L6 was 
similar across L2/3, L4 and L5 and was monotonic (Fig. 1e,f): that is, 
increasing L6 activity by increasing illumination intensity progres- 
sively suppressed visual responses, eventually abolishing nearly all 
evoked activity (strongest illumination reduced activity by 81 + 5%, 
84 + 3%, and 84 + 3% for L2/3, L4 and LS, respectively; P < 10°). 
Because multi-unit activity is dominated by neurons with high firing 
frequencies, we determined the effect of L6 photostimulation on iso- 
lated single units whose average visually evoked firing rate varied over a 
20-fold range. Isolated units were suppressed by L6 photostimulation 
(Fig. 1g), irrespective of their firing rates (Fig. 1h; 91.1% of units were 
suppressed and 7.8% were facilitated, and all facilitated units were 
fast-spiking, putative inhibitory cells (Supplementary Fig. 4a-d). 
Furthermore, in the same way as for multi-unit activity, L6 photosti- 
mulation monotonically suppressed single units (Fig. 1i, j; strongest 
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Figure 1 | Photostimulation of L6 suppresses visual responses in the other 
layers. a, Schematic of L6 projections. Red triangle represents an L6 pyramidal 
neuron. b, Left, coronal section of V1 from an NTSR1-Cre, floxed-tdTomato, 
GAD67-GFP mouse. Inset, L6 projection to dLGN (V1 of NTSR1-Cre mouse 
was injected with floxed-tdTomato virus). Scale bar, 250 tum (125 kum for inset). 
Right, the two types of L6 neurons that are labelled by the NTSR1-Cre line. 
Black, dendrites; grey, axons. c, Schematic of experimental setup. Rec., 
recording probe. d, Cortical visual responses with (blue) and without (black) L6 
photostimulation. Left, raster plot of multi-unit activity grouped by depth. 
Control and photostimulation trials were interleaved but are separated here for 


illumination reduced activity by 91 + 4%, 93 + 2%, and 92 + 2% for 
12/3, L4 and LS, respectively; P < 10 °). Thus, these data show that 
stimulation of L6 excitatory neurons suppresses visually evoked res- 
ponses in L2/3, L4 and L5 of V1. 


L6 activity does not affect tuning 


Like in other mammals, neurons in mouse V1 differentially respond to 
gratings of different orientations”. We determined whether L6 
stimulation affects the orientation tuning of V1 neurons. We generated 
tuning curves by presenting gratings drifting in 8-12 different direc- 
tions and alternated control trials with trials in which L6 was photo- 
stimulated (Fig. 2a, b). We used alow LED intensity to suppress cortical 
visual responses partially, and considered units that were suppressed 
by between 10% and 75% (average suppression 42 + 3%, n = 55). 
Tuning curves of individual, isolated units were averaged into a popu- 
lation tuning curve (Fig. 2b, d; see methods). Remarkably, photo- 
stimulation of L6 resulted in the precise scaling of the tuning curve; 
that is, it reduced visually evoked responses by a similar fraction 
irrespective of presented orientation. This is clearly illustrated by 
plotting the normalized firing rates of the population tuning curve 
under control versus L6 photostimulation conditions (Fig. 2e). The 
data points fit well with a line whose slope is 0.56 and intercepts the 
y axis close to the origin. Thus, photostimulation of L6 did not affect 
preferred orientation, tuning width or the orientation selectivity index 
(OSD of cortical neurons throughout L2/3, L4 and L5 (Fig. 2c; for L2/3, 
L4andL5, respectively, the mean change in preferred orientation was 3 
+ 3° (P=0.22),0 + 5° (P=0.9) and —4 + 5° (P = 0.48), mean change 
in tuning width was —1 + 4° (P = 0.8), 6 + 4° (P = 0.15) and —6 + 6° 
(P = 0.3), and mean change in OSI was —0.09 + 0.07 (P = 0.23), 
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clarity. Black bar, visual stimulus (1.5 s); blue bar, LED illumination (0.5 s). 
Right, normalized (Norm.) peristimulus time histogram (PSTH); top, upper 
layers; bottom, L6. e, Summary (n = 6 experiments). The control is shown in 
black and increasing LED intensities in darker blues. f, Suppression of multi- 
unit activity with increasing Lé6 activity. g, Visual response of a single L4 unit 
with (blue) and without (black) L6 photostimulation. Scale bar, 20 spikes per s. 
h, Response of each regular spiking unit with and without strong 
photostimulation of L6. i, Average normalized PSTH (n = 47 units tested with 
5 LED intensities). Colours are the same as in e. j, Suppression of single-unit 
activity. Error bars, mean = s.e.m. 


0.7 + 0.04 (P = 0.14), —0.06 + 0.05 (P = 0.22)). L6 photostimulation 
also resulted in a scaling of V1 responses to stimuli of increasing 
contrast (the contrast response function; Supplementary Fig. 5b). 
These data demonstrate that in primary visual cortex L6 selectively 
controls the gain of cortical responses to visual stimuli. 

A potential concern in stimulating L6 with ChR2 is that the 
spatially uniform activation and the temporal pattern generated in 
L6 neurons may differ from visually evoked activity patterns, and thus 
the physiological activity of L6 neurons and L6 photostimulation may 
affect cortical activity in different ways. Furthermore, anaesthesia may 
change the impact of L6 on cortical responses to sensory stimuli. To 
address these issues, we optogenetically suppressed visually evoked 
activity in L6 in awake animals and determined the resulting effect on 
more superficial layers (Supplementary Fig. 6). Animals were head 
fixed but otherwise kept unrestrained on a passive circular treadmill 
(see Methods). L6 activity was suppressed using conditionally 
expressed light-sensitive hyperpolarizing opsins archeaerhodopsin™* 
and halorhodopsin 3.0 (NpHR3.0) (ref. 25). LED illumination with 
amber light (590 nm), although reducing visually evoked L6 activity 
by ~30% (Supplementary Fig. 6e), significantly facilitated visual res- 
ponses of isolated units throughout the other layers (Fig. 2f, g and 
Supplementary Fig. 6). The facilitation was not due to direct LED 
illumination of the retina, as it was absent in uninjected animals 
(Supplementary Fig. 6f). Thus, suppression of L6 facilitates visually 
evoked activity in L2/3, L4 and L5, indicating that even physiologically 
generated L6 activity exerts a suppressive action onto these layers. 
Furthermore, suppression of L6 resulted in the precise scaling of the 
tuning curve (for the tuning curve analysis we considered units that 
were facilitated by at least 10% (average facilitation 41 + 7%, n = 52)). 
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Figure 2 | L6 bidirectionally modulates the gain of visual responses without 
altering tuning. a, Visual responses of an L5 neuron with (blue) and without 
(black) L6 photostimulation. Raster plots and peristimulus time histograms for 
two out of eight tested visual stimulus directions. Scale bar, 40 spikes per s. 

b, Tuning curves for the neuron in (a). c, The OSI for each neuron with and 
without photostimulation of L6. d, Population tuning curve with (blue) and 
without (black) L6 photostimulation (n = 55). Black curve, fit using the sum of 
two Gaussians; blue curve, black curve scaled by the slope of linear fit in 

e. e, Control response plotted against response with L6 photostimulation (data 
from c). Blue, linear fit (7 = 0.98). Black bar, visual stimulus (1.5 s); blue bar, 


The plot of normalized firing rates under control versus L6 photo- 
suppression conditions was well fit by a line whose slope is 1.4 and 
intercepts the y axis very close to the origin (Fig. 2j). Consistent with 
this, suppressing L6 did not affect preferred orientation, tuning width 
or orientation selectivity (Fig. 2h; for L2/3, L4 and LS, respectively, the 
mean change in preferred orientation was 2 + 3° (P = 0.41), 0 + 2° 
(P = 0.95) and —4 + 4° (P=0.35) degrees, mean change in tuning 
width was —2 + 4° (P=0.68), 0 + 3° (P= 0.94) and —1 + 4° 
(P= 0.77) degrees, and mean change in OSI was —0.01 + 0.03 
(P = 0.22), 0.02 + 0.02 (P= 0.50) and —0.03 + 0.03 (P= 0.22)). 
Taken together, these results demonstrate that visually driven L6 
activity in awake animals controls the gain of cortical responses to 
visual stimuli. 


L6 intracortical and subcortical pathways 


Two pathways could potentially mediate the suppression exerted by 
L6 on cortical activity. On one hand, L6 neurons project to the 
thalamus, where they can influence visually generated activity before 
it even reaches the cortex. On the other hand, L6 neurons also project 
to more superficial layers where they could directly modulate cortical 
activity. We addressed the impact of both projections. We performed 
extracellular recordings from the dLGN while photostimulating L6 in 
V1 (Fig. 3a). (LGN relay neurons were identified based on their visual 
response properties and characteristic firing pattern (Supplemen- 
tary Fig. 7d). Photostimulation of L6 led to a rapid, reversible and 
monotonic reduction of visually evoked activity in dLGN relay 
neurons (Fig. 3b, c; strongest illumination: 76 + 4% reduction; 
P<10 % n= 32), without, however, markedly modifying their 
firing mode (burst prevalence: 12 + 6% in control; 6 + 3% after 
reducing dLGN activity by 30% with L6 photostimulation, P = 0.08; 
Supplementary Fig. 7e, f). This indicates that L6é stimulation suppresses 
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LED illumination (0.5 s). f, Visual response of an L4 neuron with (orange) and 
without (black) L6 photosuppression. Scale bar, 50 spikes per s. Orange bars, 
illumination with an amber-coloured LED (1.95 s); black bar, visual stimulation 
(1.5 s). g, Tuning curves for neuron in (f). h, OSI for each isolated unit with and 
without photosuppression of L6. i, Population tuning curves with and without 
L6 photosuppression (n = 52). Black curve, fit using sum of two Gaussians; 
orange curve, black curve scaled by slope of linear fit in j. j, Control response 
plotted against response with L6é photostimulation (data from i). Orange, linear 
fit (7 = 0.92). Error bars, mean + s.e.m. 


dLGN activity. To test whether visually evoked activity in L6 also 
suppresses dLGN activity we silenced the cortex optogenetically (by 
photostimulating parvalbumin-expressing inhibitory neurons in V1 
with ChR2; see Methods and Supplementary Fig. 8). Consistent with 
the suppressive action of L6 stimulation on dLGN, silencing the cortex 
strongly facilitated dLGN activity (Fig. 3d-f; average facilitation 
87 + 25% (P = 0.002, n = 18)). In vitro recordings demonstrated that 
the suppressive action of L6 was due to the generation of disynaptic 
inhibition onto dLGN relay neurons, at least in part through the 
recruitment of NRT inhibitory neurons (and possibly through the 
recruitment of local inhibitory neurons in dLGN*°) (Supplementary 
Fig. 9). Thus, these results reveal that L6 can effectively suppress visual 
responses in the dLGN. 

If L6 suppresses cortical visual responses indirectly, by suppressing 
the dLGN, this suppression should precede V1 suppression by a few 
milliseconds. We tested this prediction by performing simultaneous 
recordings from both dLGN and V1 and compared the onset of sup- 
pression in these two structures upon L6 photostimulation (Fig. 3g). 
Surprisingly, cortical suppression preceded dLGN suppression by a 
few milliseconds (Fig. 3h). This result suggests that L6 activity may 
suppress cortical visual responses through an alternative circuit. 
Because L6 neurons send axons to the upper layers of cortex we tested 
whether these projections can suppress cortical activity independently 
of the corticothalamic projections. For this, we performed in vitro 
whole-cell recordings from neurons in L2/3, L4, L5 and Lé6 in coronal 
slices of V1 (Fig. 4a); this slicing plane disconnects V1 from dLGN. 

Photostimulation of L6 in vitro generated both excitatory and 
inhibitory postsynaptic currents (EPSCs and IPSCs, respectively) 
onto L2/3, L4, L5 and L6 pyramidal cells (L6 recordings included only 
those pyramidal cells not expressing ChR2) (Fig. 4b). IPSCs were of 
disynaptic (or polysynapyic) origin as they were entirely blocked by 
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Figure 3 | Photostimulation of L6 suppresses cortex faster than it 
suppresses dLGN. a, Schematic of the experimental setup. b, Visual response 
of dLGN unit with (blue) and without (black) L6 photostimulation. Scale bar, 
20 spikes per s. Black bar, visual stimulus (1s); blue bar, LED illumination 
(0.5 s). ¢, Average response of each dLGN unit with and without L6 
photostimulation. Inset, monotonic suppression of dLGN. d, Schematic of 
setup for silencing V1 by photostimulation of parvalbumin inhibitory neurons. 
e, Visual response of dLGN unit with and without photo-silencing of V1. Scale 
bar, 30 spikes per s. Black bar, visual stimulus (1 s); blue bar, LED illumination 
(0.5 s). f, Average response of each dLGN unit with and without cortical 
silencing. g, Schematic of experimental setup. h, Left, time-course of L6- 
mediated suppression of dLGN (grey) and V1 (black) (n = 4). Residual 
response during maximal suppression set to zero (see Methods). Bin size, 3 ms. 
Right, the same data on an expanded timescale. The first bin at LED onset was 
blanked to remove LED-induced artefact. Inset, time to suppression exceeding 
two standard deviations from baseline activity in dLGN and V1 for four 
experiments (P = 0.012). Error bars, mean + s.e.m. Inset, y-axis units are ms. 


glutamatergic antagonists (Supplementary Fig. 10b). Furthermore, 
the activity pattern generated by L6 photostimulation was similar to 
the activity pattern generated in vivo (Supplementary Fig. 2b, h). 
IPSCs were larger than EPSCs, despite the fact that both currents were 
recorded with a similar driving force (IPSCs were recorded near the 
reversal potential for EPSCs and vice versa). Indeed, excitatory charge 
accounted for only 10% or less of the total charge, depending on the 
layer (Fig. 4c) or sublayer (Supplementary Fig. 10c, d). These results 
show that V1 contains the necessary circuitry for L6 to generate 
disynaptic inhibition onto L2/3, L4, L5 and onto itself. 

To determine whether L6 can suppress neuronal spiking across 
L2/3, L4, L5 and L6 through these disynaptic IPSCs, we performed 
current-clamp recordings in the perforated patch configuration (to 
preserve the intracellular ionic composition) and triggered spiking by 
injecting depolarizing current pulses. Photostimulation of Lé6 signifi- 
cantly suppressed firing of pyramidal cells across all layers (Fig. 4d; 
firing rate was reduced by 48+ 10%, 84+7%, 55+19% and 
75 +11% for L2/3, L4, L5 and L6, respectively; P= 0.01). To rule 
out the possibility that this suppression was a result of uniformly 
activating large portions of L6 we restricted the area of activation to 
a small spot of approximately 100 um in diameter while recording 
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Figure 4 | Photostimulation of L6 recruits intracortical synaptic inhibition. 
a, Schematic of in vitro experimental setup. b, Average IPSCs (blue) and EPSCs 
(red) recorded in pyramidal cells during photostimulation of L6. Synaptic 
currents are averages of n = 5-12 cells. Inset, onset of EPSC. c, Histogram of 
excitatory charge as a percentage of total charge. Ex, excitation; Inh, inhibition. 
d, Traces show perforated patch recording from L5 pyramidal cell in response 
to depolarizing current injection with (right) and without (left) L6 
photostimulation. Graphs, spike rate with and without L6 photostimulation. 
e, Average spike rate in control versus spike rate with L6 photostimulation for 
each cell. f, Schematic of experimental setup for focal photostimulation. 

g, Traces, spiking of L5 pyramidal cell to depolarizing current injection with 
focal photostimulation of L6 at three progressively more distant positions (left 
to right). Graph shows spike rate in control (black) and with focal 
photostimulation of L6 (blue) (n = 4). Delta indicates the medial or lateral 
distance from the radial axis through the recording site. h, Percentage of spike 
suppression plotted against horizontal displacement. Error bars, mean + s.e.m. 


from a L5 neuron (Fig. 4f). Even when activating a restricted area of 
L6, the firing of L5 neurons was robustly suppressed (Fig. 4g). The 
suppression was maximal when L6 photostimulation was aligned with 
the recorded L5 neuron along the cortical radial axis, and decreased 
progressively as the photostimulation spot was translated tangentially 
(Fig. 4g, h). These results demonstrate that V1 can efficiently suppress 
activity in L2/3, L4, L5 and Lé6 in the absence of thalamus. 


Major role of L6 intracortical circuits 

Taken together, these results indicate that L6 can modulate cortical 
responses to visual stimuli through two independent circuits: indirectly, 
through the corticothalamic circuit and directly, through the intracor- 
tical circuit. To test whether one of these two circuits has a dominant 
role, we examined how much of the V1 suppression is predicted by 
dLGN suppression. We first established the transfer function between 
dLGN and V1. For this we performed simultaneous in vivo recordings 
from these two structures while presenting full-field drifting gratings of 
varying contrasts to obtain contrast response functions for the (LGN 
and V1 (Fig. 5a, b). By plotting dLGN versus V1 activity at each 
contrast we obtained the transfer function from dLGN to V1, which 
provides the response of V1 to various levels of dLGN activity (Fig. 5c). 
Finally, we presented the strongest contrast and photostimulated L6 to 
reduce dLGN activity while simultaneously monitoring V1 activity. 
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Figure 5 | L6 suppresses upper layers largely 
through intracortical circuits. a, Schematic of 
experimental setup. b, Simultaneously recorded 
multi-unit responses to increasing contrasts (light 
to dark) in V1 (top) and dLGN (bottom). All spikes 
that were recorded above L6 (=650 tm) were 
included in V1 multi-unit activity. Scale bar, 200 
spikes per s for V1; 100 spikes per s for LGN. Black 
bar, visual stimulus (1.5 s). Dotted line, baseline 
activity. Right, contrast-response functions. 
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We reasoned that if the ensuing reduction of V1 activity matches 
the reduction predicted by the transfer function, the modulation of 
cortical responses by L6 is mainly due to dLGN suppression by the 
corticothalamic circuit. However, if the reduction in V1 activity 
exceeds that predicted by the transfer function, the additional reduc- 
tion can be attributed to the intracortical circuit. We reduced d(LGN 
activity by ~10%, 20% and 50% through activation of L6 with three 
progressively stronger illuminations (Fig. 5d). Notably, even the 
smallest reduction in dLGN activity (10%) was accompanied by a 
reduction in V1 activity that largely exceeded that predicted by the 
transfer function (Fig. 5e). Furthermore, a 50% suppression of (LGN 
activity was accompanied by a complete suppression of visually evoked 
activity in V1. In this experiment a large fraction of V1 suppression 
(73% averaged over five LED levels) exceeded the transfer function 
prediction and must therefore be attributed to the intracortical circuit 
(average intracortical component over all experiments 73 + 5%, n = 5; 
Fig. 5f). Furthermore, given the relatively minor effects on the preval- 
ence of burst firing in dLGN neurons (Supplementary Fig. 7f), this 
effect cannot be attributed to a change in the firing pattern of (LGN 
neurons. These results indicate that L6 suppresses cortical responses to 
visual stimuli mainly through intracortical circuits. 


Discussion 

Taken together, this study shows that L6 modulates visually evoked 
activity across L2/3, L4 and L5. This modulation occurs continuously 
through visually driven L6 activity, as shown in awake animals, and 
does not affect orientation tuning indicating that L6 selectively con- 
trols the gain of cortical visual responses. Finally, despite suppression 
of the dLGN, cortical gain control by L6 is executed largely by intra- 
cortical circuits. 

Response gain modulation is a fundamental cortical operation” that 
is crucially involved in sensory representation and sensorimotor integ- 
ration. For example, visual responses in parietal cortex are gain modu- 
lated by gaze direction”’. Furthmore, gain modulation may underlie 
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1 c, dLGN-V1 transfer function derived by plotting 
1 normalized response in V1 versus dLGN (from 
b). Fit, hyperbolic ratio function. d, Simultaneously 
recorded multi-unit responses to maximal 
contrasts in V1 and dLGN without 
photostimulation (black) or while 
photostimulating L6 with increasing LED 
intensities (progressively darker blue). Same 
experiment as in b and c. Black bar, visual stimulus 
(1.5 s); blue bar, LED illumination (1.5 s). Scale bars 
are the same as in b. e, V1 versus LGN response to 
maximal contrast under control condition (black 
data point) or during three progressively stronger 
photostimulations of L6 (light, medium and dark 
blue, data from d). V1 responses are suppressed 
more than predicted by transfer function (red 
arrows) even for photostimulations that reduce 
dLGN activity only ~10% (light blue). f, Average 
intracortical component of suppression as a 
function dLGN suppression (n = 5 experiments). 
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the effects of attention on cortical responses to visual stimuli’?”®. 


However, the neuronal circuits that implement this operation have 
remained largely unknown. Identifying L6 as a contributor to cortical 
response gain modulation is an important step in dissecting the specific 
functions of distinct circuits in cortical processing. The suppressive 
action of Lé6 that is described here markedly differs from the facilitatory 
impact of other layers on cortical activity’*'*? (for example, L2/3 
facilitates L5 (ref.*)) and points towards a very distinct function of 
different layers in sensory processing. The cortical GABAergic inter- 
neuron subtype (or subtypes)**** that is recruited by Lé6 activity and 
mediates the reported suppressive effect remains to be identified, but 
may include fast spiking neurons (Supplementary Fig. 4). Although the 
exact synaptic mechanisms underlying gain control by L6 remains to be 
elucidated, either a proportional change in excitation and inhibition***° 
or the modulation of only one of the two opposing conductances*” may 
underlie the operation. The columnar organization of L6 pyramidal cell 
projections to more superficial layers'® ensures that L6-mediated sup- 
pression is restricted to the cortical domains that are directly above the 
activated L6 region (Fig. 4g, h). This topographic organization could 
allow the cortex to differentially modulate the gain of V1 responses to 
stimuli located in distinct regions of visual space. 

L6 has been suggested to contribute to ‘end inhibition’, the suppres- 
sion of cortical responses by bars above a given size’’. The powerful 
inhibitory currents generated by L6 onto more superficial pyramidal 
cells may represent the underlying cellular mechanism. 

Previous studies addressing the role of corticothalamic feedback 
projections through focal pharmacological perturbation of L6 neurons 
have typically reported a facilitation of functionally or topographically 
aligned thalamic neurons overlaid by broader surround suppression"’, 
resulting in changes to both spatial and temporal tuning properties of 
these neurons’***’. Our data obtained using full-field visual stimu- 
lation are consistent with this model, in which spatial summation of 
individual inhibitory surrounds will result in a net suppressive effect of 
the corticothalamic feedback projection. Future studies combining 
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optogenetic approaches with focal stimulation of visual space will 
reveal how fine-scale corticothalamic circuits*”” interact with intra- 
cortical L6 circuits to influence visual processing in the cortex. 

L6 in V1 receives convergent inputs from a variety of brain regions, 
including higher cortical areas*’ as well as thalamus'’. These various 
brain regions could thus influence, through L6, the gain of visual 
responses during the very initial steps of visual cortical processing. 


METHODS SUMMARY 


ChR2, archaerhodopsin and NpHR3.0 were conditionally expressed in mouse V1 
via stereotactic injection of adenoassociated viruses into NISR1-Cre mice’’. For 
recordings under anaesthesia, mice were injected with 5 mg kg” ' chlorprothixene 
and 1.2gkg | urethane. For awake experiments, a craniotomy was performed 
under isoflurane anaesthesia (1-1.5%), and then a previously implanted head- 
plate was used to fix the mouse on a circular treadmill and the anaesthetic was 
removed. In vivo extracellular recordings were made from V1 and dLGN using 
multichannel silicon probes. Visual stimuli were displayed on an LCD screen. 
Microbial opsins were photoactivated using a blue (470-nm) or amber (590-nm) 
LED placed above the thinned skull. In vitro whole-cell recordings were per- 
formed as previously described”. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 


All procedures were conducted in accordance with the National Institutes of 
Health guidelines and with the approval of the Committee on Animal Care at 
the University of California, San Diego. 

Animals. We used the following mouse lines: NTSR1-Cre (strain B6.FVB(Cg)- 
Tg(Ntsr1-cre)GN220Gsat/Mmcd, stock number 030648-UCD), which was 
generated by the GENSAT project’? and acquired from the Mutant Mouse 
Regional Resource Centers; tdTomato reporter (Jax number 007908); GAD67- 
GFP (Aneo); and PV-Cre (Silvia Arber). 

Viral injections. Adeno-associated viruses (AAVs) for ChR2 and archaerhodopsin 
were acquired from the University of Pennsylvania Viral Vector Core: AAV2/ 
1.CAGGS.flex.ChR2.tdTomato.SV40 (Addgene 18917) and AAV2/9.flex.CBA. 
Archaerhodopsin-GFP.W.SV40 (Addgene 22222). An AAV virus (AAV2/9) for 
NpHR3.0 was produced at the Salk Viral Vector Core. The NpHR3.0 plasmid 
(pAAV-Efla-DIO-eNpHR 3.0-EYFP) was provided by K. Diesseroth. 

Viruses were loaded in a bevelled sharp micropipette mounted on a Nanoject II 
(Drumond) or a micropump injector (UMP-3 WPI) attached to a micromanipulator. 
ChR2 virus was injected into newborn pups (between postnatal days 0 and 2) that 
were anaesthestized on ice and secured into a moulded platform. Three 20-nl boli 
of virus was injected at each of three medial-lateral locations in V1 and two depths 
(500 jum and 650 pm) within V1. 

Archaerhodopsin was injected in combination with NpHR3.0 in juvenile 
(1-2-month-old) mice anaethestized with 2.5% isoflurane and placed into a 
stereotactic frame (Knopf). The exposed skull overlying V1 was thinned in three 
locations with a dental drill (Foredom) with a 300-m bur (Gesswein), and a hole 
was made with a (25-gauge) needle at each location to permit insertion of the 
injection pipette. A volume of 150 nl of virus was injected at a rate of 20 nl min! 
at each of the three locations and at two depths (900 tm and 700 um). The 
scalp was then sutured and the mouse injected subcutaneously with 0.1 mgkg | 
buprenorphine. In vivo recordings were made 1-2 months after viral injection. 
Slice preparation. Mice were anaesthetized with ketamine and xylazine (100 mg 
kg’ and 10mgkg ', respectively), perfused transcardially with cold sucrose 
solution (in mM: NaCl, 83; KCl, 2.5; MgSOu, 3.3; NaH2POx, 1; NaHCOs, 26.2; 
D-glucose, 22; sucrose, 72; and CaCly, 0.5, bubbled with 95% O2 and 5% CO3) and 
decapitated, and the visual cortex was cut into 300-400-11m coronal sections in 
cold sucrose solution. Thalamic slices were cut 45° off the coronal plane to 
maintain connections between NRT and dLGN. Slices were incubated in sucrose 
solution in a submerged chamber at 34°C for 30 min and then at room temper- 
ature (21 °C) until used for recordings. 

In vitro recordings. Whole-cell recordings were done at 32°C in artificial 
cerebrospinal fluid (in mM: NaCl, 119; KCl, 2.5; NaH2POg, 1.3; NaHCOs, 26; 
D-glucose, 20; MgCl, 1.3; CaCl, 2.5; and mOsm, 305, bubbled with 95% O3 and 
5% CO,). Excitatory and inhibitory synaptic currents were recorded using a 
caesium-based internal solution (in mM: CsMeSQOy,, 115; NaCl, 4; HEPES, 10; 
Na3GTP, 0.3; MgATP, 4; EGTA, 0.3; QX-314-Cl, 2.5; BAPTA(5Cs), 10; 
adjusted to pH7.4 with CsOH; mOsm 295; 3-5 MOhm pipette resistance). 
Voltage-clamp recordings were not considered if the series resistance exceeded 
20 MOhm or varied by more than 10%. Typically, 2-4 neurons were recorded 
from simultaneously. Cell-attached recordings and biocytin fills were carried out 
with a potassium-based internal solution (in mM: K-gluconate, 150; MgCl, 1.5; 
HEPES, 5; EGTA, 1.1; phosphocreatine, 10; adjusted to pH 7.4 with KOH; mOsm 
295). Perforated-patch recordings were carried out using potassium-based 
internal and 10 jg ml” * Gramicidin D (Sigma G5002). Tight seals were held until 
sufficient access allowed injection of current and resolution of action potentials 
(typically 10-20 min). Ruptures of the perforated patch were apparent by a rapid 
drop in series resistance at which point the recordings were discontinued. 
Photostimulation of L6 in vitro consisted of either single 2-ms pulses or a 40-Hz 
train of 2-ms pulses, or of 1-s ramps of light of increasing intensity as previously 
described**. Data were recorded with Multiclamp 700B amplifiers (Axon instru- 
ments) filtered at 2 kHz and digitized with a Digidatal440A (Axon instruments) at 
10kHz. Recordings were analysed using custom-made routines in Igor Pro 
(Wavemetrics). Charges represent the time integral of the synaptic current recorded 
during the first second of photostimulation. The stage was moved using a custom 
made plugin for ImageJ(NIH) to interface with ESP300 (Newport) via SerialPort 
(SerialIO). Drugs used were NBQX (Tocris 1044) and CPP (Ascent Asc-159). 

In vivo recordings in anaesthetized mice. Recordings were performed similarly 
to those previously described”. Animals were anaesthetized with 5mgkg | of 
chlorporthixene (intraperitoneal) and then (5-10 min later) with 1.2g kg? 
urethane (intraperitoneal). During surgery, animals were given 0.5-1.0% isoflurane. 
Animals were placed onto a custom platform and their temperature was maintained 
at 37°C using a feedback-controlled heating pad (FHC). Whiskers and eyelashes 
that were contralateral to the recording side were trimmed and eyes covered with a 
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thin, uniform layer of silcone oil to prevent drying. Protein expression was verified 
by transcranial epifluorescence of the exposed and PBS-moistened skull using a 
Leica MZ10F microscope. Only animals showing expression over the entire extent 
of V1 were used for subsequent experiments. The entire dried skull was covered 
with black dental cement (Ortho-Jet powder (Lang Dental) mixed with black iron 
oxide) but for the previously outlined boundaries of V1 (~1.5-3.5 mm lateral to 
midline and —0.5 to 2.5 mm anterior to lambda suture). A head-plate with a hole of 
~2mm in diameter was mounted over V1 and a small region of skull (~300 x 
750 jum) was thinned using a dental drill. Next, we used sharpened fine forceps 
(Dumont number 55) to make a craniotomy just sufficiently large for inserting the 
probe. A drop of PBS placed in the well at the centre of the head-plate kept the 
exposed skull and craniotomy moist. A multichannel silicon probe mounted on a 
micromanipulator (Luigs-Neumann) was slowly advanced into the brain toa depth 
of 800-1000 jum for linear probes and 200-700 jum for tetrode probes (see later), 
and recordings were started 20 min or more after inserting the probe. 

For dLGN recordings we made a circular craniotomy (~1.5mm in diamater) 
2.6 mm posterior and 2 mm lateral to the bregma suture. Robust visual responses and 
bursting activity that was characteristic of LGN relay neurons were encountered at a 
depth between 2,400 and 3,100 jum“ (Supplementary Fig. 7). For dual recording 
experiments (Fig. 3g, h and Fig. 5), we used a larger head-plate so that a craniotomy 
could be made both over the dLGN and V1. 

Recordings were made with NeuroNexus 16-channel linear (alx16-3mm-50- 
177) or tetrode (a2x2-tet-3mm-150-121) silicon probes. For recordings across 
cortical depth and in dLGN we used the linear configuration. The tetrode con- 
figuration was used to isolate a subset of cells in Fig. 2. Signals were amplified 
X 1000, band-pass filtered between 0.3 Hz and 5 kHz using an AM Systems 3500 
amplifier and acquired at 32 kHz using a NIDAQ board (PCle-6239) controlled 
with custom-written software in Matlab (Mathworks). For dual recording experi- 
ments we used two separate data-acquisition setups (amplifier, NIDAQ board 
and computer). Raw data were stored on a computer hard drive for offline 
analysis. 

At the end of the recording session, animals were killed by administering 4% 

isoflorane and the brain was quickly removed and fixed in 4% paraformaldehyde 
for histological analysis. 
In vivo awake recordings. 1-2 weeks before recording, mice were implanted with 
a head-plate for head fixation. Mice were anaesthetized with 2.5% isoflurane, the 
scalp was removed and a head-plate was fixed over V1 with black dental cement. 
The skull directly overlying V1 was covered with Kwik-Cast (WPI). Animals were 
injected subcutaneously with 0.1 mg kg” ' buprenorphine and allowed to recover 
in their home cage for at least 1 week before recording. 

Several days before recording, mice were familiarized to head fixation within 
the recording setup. They were briefly anaesthetized with isoflurane and the head- 
plate was clamped to a metal post, but otherwise the mice were unrestrained and 
allowed to run in this position on a plastic circular treadmill or track (Fast-Trac 
from Bio-Serv; see Supplementary Fig. 6). The same circular track was present in 
the cages of the mice, where they were familiarized with its use. Mice grew 
accustomed to head fixation over the course of 1-3 15-min sessions and ran 
naturally on the track, occasionally stopping to rest or groom. 

On the day of recording, mice were anaesthetized with 1.5-2% isoflurane, a 
small craniotomy was made over V1, a drop of PBS was placed in the well of a 
head-plate that was clamped to a metal post, and the multichannel probe inserted 
into the craniotomy. After removal of isoflurane the mice regained consciousness 
and typically began running. Recordings did not start before 30 min after the end 
of anaesthesia. Awake recording sessions lasted between 1 and 2 h. Mice typically 
spent ~60-80% of their time running, and the rest of the time was spent resting or 
grooming. Data were not separated according to behaviour. Every 30-60 min 
mice were given a few drops of a 5% glucose solution through a disposable pipette. 
For two mice we performed 2-3 recording sessions, which were made at least a 
day apart. Between sessions the craniotomy was covered with Kwik-Cast. A new 
craniotomy was made for each session. 

Visual stimulation. Visual stimuli were generated in Matlab using the 
Psychophysics Toolbox” and were displayed on a gamma-corrected LCD monitor 
(Dell 52 X 32.5 cm, 60-Hz refresh rate, mean luminance 50 cd m ”) positioned 
25 cm from the contralateral eye. The monitor was positioned for each experiment 
so that the multi-unit receptive field was located approximately in the centre of the 
screen (the multi-unit receptive field was determined by moving a localized drift- 
ing grating patch (~10°) around the screen). During the recording session full- 
field sinusoidal drifting gratings were used. All stimuli had a temporal frequency of 
2 Hz and a spatial frequency of 0.04 cycles per degree. Gratings were randomly 
presented at 8-12 equally spaced directions, except for the experiments in Fig. 5 in 
which we used only two orthogonal grating directions (0° and 90°). The contrast of 
the stimulus was 100%, except for Fig. 5 in which we used six contrast levels (2, 4.4, 
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9.6, 21, 46 and 100%). A grey screen trial was interleaved with the drifting gratings. 
The duration of the visual stimulus was 1.5 s and the inter-trial interval was 3-6 s. 
In vivo photostimulation. To photo-stimulate ChR2 we used a blue (470-nm) 
fibre-coupled LED (1 mm diameter, Doric Lenses) placed ~5-10 mm away from 
the skull. Light from the LED spanned the entire area of V1. An opaque shield of 
black aluminium foil (Thor Labs) prevented LED light from reaching the contra- 
lateral eye. The LED was driven by the analogue output from the NIDAQ board. 
The blue LED was presented at five intensities (approximately 3, 5, 7, 10.5 and 20 
mW measured at the tip of the fibre), but for a minority of experiments we 
presented only the highest LED intensity. Trials were alternated between visual 
stimulus only and visual stimulus plus LED. The strongest LED intensity also 
generated oscillations at gamma frequency, consistent with previous observa- 
tions** (Supplementary Fig. 2). The preferred-orientation of photostimulated 
L6 cells remained unchanged but their tuning curves became broader 
(Supplementary Fig. 2). 

To photostimulate archaerhodopsin and NpHR3.0 we used an amber (590-nm) 
fibre-coupled LED (1 mm in diameter, Doric Lenses) placed ~0.5mm from the 
skull. Because photosuppression of L6 produced a transient decrease in spontaneous 
multi-unit activity in L2-5 at the onset of LED illumination (see Supplementary 
Fig. 6) we turned on the amber LED 1.4s before the visual stimulus began. 
Experiments were performed at the highest LED intensity (~20 mW measured at 
the tip of the fibre). As long as the suppresssion was not complete, the preferred 
orientation of photosuppressed L6 cells remained unchanged (Supplementary Fig. 6). 
In vivo data analysis. All in vivo data analysis was performed with custom 
software written in Matlab. 

Multi-unit spiking activity was defined as all events (spikes) exceeding a 
threshold of 4 s.d. above the noise of the high-pass filtered (500-Hz) signal. 
Spikes were assigned a depth corresponding to the depth of the channel they 
were recorded from. Spikes that were recorded simultaneously on multiple 
channels were considered as a single event and attributed to the channel in which 
they showed the largest amplitude. We determined the depth of each channel by 
considering the depth and the angle of the probe relative to the vertical axis of 
cortex. We assigned spikes to different layers according to the following depths 
(in pm): L2/3, 100-350; L4, 350-450; L5, 450-650; L6, >650. PSTHs were 
composed of 50-ms bins. PSTHs of individual experiments were normalized to 
the first 500 ms of the visual stimulus (for ChR2 experiments) or to the entire 
visual stimulus (for archaerhodopsin and NpHR3.0 experiments) to generate 
average PSTHs. PSTHs for kinetic analysis (Fig. 3h) were composed of 3-ms bins 
and report the normalized difference in firing rates between control (average 
firing over a 50-ms window prior to LED onset) and during LED illumination 
(average firing rate over a 100-ms window, 50 ms after LED onset). For each 
experiment the onset of suppression was determined as the time point at which 
the normalized response fell below 2 s.d. of the baseline. 

The contrast response functions in dLGN and V1 report the normalized, 
baseline-subtracted firing rates and were fitted with a hyperbolic ratio function: 


n 


c 
r=T1max C+ chy 
where r is the response, c is the contrast of the visual stimulus, ryax is a fitted 
constant representing the response saturation level, n is fitting exponent that 
affects the shape of the curve and cso is the semi-saturation constant. The transfer 


function between the dLGN and V1 was fitted with a hyperbolic ratio function: 


N 
TaLGN 


Tv1 =1V1, max n 
Tauen + Taten.50 


where ry; is the V1 response, ryi,max is a constant representing the V1 saturation 
level, raign is the LGN response, n is a fitting exponent and rg; Gn,50 is the semi- 
saturation constant. The ‘corticothalamic component’ (CT) was defined as the 
fraction of the total V1 suppression accounted for by this predicted response. The 
‘intracortical component’ was then defined as 1—CT component. We performed 
this analysis for five LED levels and averaged across experiments to produce the 
plot in Fig. 5f. 

We isolated single units using spike-sorting software provided by D. N. Hill, 
S. B. Mehta, and D. Kleinfeld”. For both the linear and tetrode probes we analysed 
waveforms extracted from groups of four adjacent electrode sites. We high-pass 
filtered the raw signal at 500 Hz and then detected spiking events exceeding 4-5 
s.d. of the noise. Spike waveforms were clustered using a k-means algorithm. After 
initial automated clustering, we used a graphical user interface to manually merge 


and split clusters. Unit isolation quality was assessed by considering refractory 
period violations and Fisher linear discriminant analysis. In agreement with 
previous studies we could classify waveforms as regular-spiking or fast-spiking 
putative inhibitory neurons. In our data set there was a clear bimodal distribution 
of trough-to-peak times (a threshold of 0.4ms was used to divide fast-spiking 
from regular-spiking units). All units were assigned a depth according to the 
channel that they were detected on, and units were assigned to layers based on 
the depth divisions given above for the multi-unit activity. 

For each unit we computed the visual response as the mean spike-rate occur- 
ring over the time window in which both the LED and visual stimulus were 
present. Thus, for the L6 photostimulation experiments this typically corre- 
sponded to a 500-ms window placed in the centre of the visual response, and 
for the L6 photosuppression experiments this window encompassed the entire 
1.5-s visual stimulus. For all analysis except the orientation tuning analyis in 
Fig. 2, we averaged responses over all stimulus conditions. Following recent 
studies*”* of orientation tuning we computed an OSI as: 


oat Ve rg sin(204.))? + (So 1 cos(20x))? 
wt 
where 1, is the response to the kth direction given by (,. We determined an OSI 
for each unit with and without photostimulation or suppression of L6. We estab- 


lished the preferred orientation and tuning width by first fitting the average 
responses of each unit with a sum of two Gaussians: 
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where ro is a constant offset, r, is the response at the preferred orientation, r, +180 
is a response 180° away from the preferred direction, 0 is the stimulus direction, 
Oy is the preferred orientation and a is the tuning width. The two Gaussians were 
forced to peak 180° apart and to have the same width but could have different 
amplitudes. Control and photostimulation or photosuppression conditions were 
fit separately. To generate the average population tuning curve we first circularly 
shifted the stimulus direction of each unit so that the maximal response occurred 
at 0°. We then normalized the responses to this peak response and averaged all 
normalized tuning curves together. We fit the control population average tuning 
curve with a sum of two Gaussians. The curve for the photostimulation or photo- 
suppression population average was produced by scaling the control curve by the 
slope (gain factor) of the linear fit shown in Fig. 2e, j. 

All error bars are presented as mean + s.e.m. unless otherwise noted. We used 
paired t-tests to assess statistical significance unless otherwise noted. 
Histology. Triple transgenic mice (Ntsr1-Cre, floxed-tdTomato and Gad67-GFP) 
were anaesthetized with ketamine and xylazine (100mgkg ‘ and 10mgkg ', 
respectively) and perfused with cold sucrose (see above) and then perfluoroalkoxy 
(4% in PBS). After 24 h incubation in perfluoroalkoxy, slices were cut into 50-ym 
sections and immunostained as described previously’. Antibodies that were used 
were mouse anti-NeuN (1:400; Millipore MAB377), chicken anti-GFP (1:1000; 
Aves Labs GFP-1020), goat anti-chicken AF488 (1:1,000; Invitrogen A11039) and 
goat anti-mouse AF633 (1:1,000; Invitrogen A21050). Slices were mounted in 
Vectashield with Dapi (Vector Labs, H1500). Images were single confocal sections 
taken on an Olympus FV1000. Layer borders were identified by changes in cell 
density. Cell counts were carried out using standard stereological techniques. 
Biocytin fills and neural reconstructions were done as previously described”. 
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The human X and Y chromosomes evolved from an ordinary pair 
of autosomes during the past 200-300 million years’ *. The human 
MSY (male-specific region of Y chromosome) retains only three 
percent of the ancestral autosomes’ genes owing to genetic decay*”. 
This evolutionary decay was driven by a series of five ‘stratification’ 
events. Each event suppressed X-Y crossing over within a chro- 
mosome segment or ‘stratum’, incorporated that segment into the 
MSY and subjected its genes to the erosive forces that attend the 
absence of crossing over”®. The last of these events occurred 30 
million years ago, 5 million years before the human and Old 
World monkey lineages diverged. Although speculation abounds 
regarding ongoing decay and looming extinction of the human Y 
chromosome” "°, remarkably little is known about how many MSY 
genes were lost in the human lineage in the 25 million years that 
have followed its separation from the Old World monkey lineage. 
To investigate this question, we sequenced the MSY of the rhesus 
macaque, an Old World monkey, and compared it to the human 
MSY. We discovered that during the last 25 million years MSY gene 
loss in the human lineage was limited to the youngest stratum 
(stratum 5), which comprises three percent of the human MSY. 
In the older strata, which collectively comprise the bulk of the 
human MSY, gene loss evidently ceased more than 25 million years 
ago. Likewise, the rhesus MSY has not lost any older genes (from 
strata 1-4) during the past 25 million years, despite its major 
structural differences to the human MSY. The rhesus MSY is 
simpler, with few amplified gene families or palindromes that 
might enable intrachromosomal recombination and repair. We 
present an empirical reconstruction of human MSY evolution in 
which each stratum transitioned from rapid, exponential loss of 
ancestral genes to strict conservation through purifying selection. 

The human Y chromosome no longer engages in crossing over with 
its once-identical partner, the X chromosome, except in its pseudo- 
autosomal regions. During evolution, X-Y crossing over was suppressed 
in five different chromosomal regions at five different times, each 
probably resulting from an inversion in the Y chromosome**. Each 
of these regions of the Y chromosome then began its own individual 
course of degeneration, experiencing deletions and gene loss. Com- 
parison of the present-day X and Y chromosomes enables identification 
of these five evolutionary ‘strata’ in the MSY (and X chromosome); their 
distinctive degrees of X-Y differentiation indicate their evolutionary 
ages”. The oldest stratum (stratum 1) dates back over 240 million years 
(Myr)’ and is the most highly differentiated, and the youngest stratum 
(stratum 5) originated only 30 Myr ago and displays the highest X-Y 
nucleotide sequence similarity within the MSY’. The five strata and their 
respective decay processes, over tens to hundreds of millions of years of 
mammalian evolution, offer replicate experiments of nature from which 
to reconstruct the trajectories and kinetics of gene loss in the MSY. 


Only the human and chimpanzee MSYs had been sequenced before 
the present study, and they are separated by just 6 Myr of evolution. 
We decided to examine the MSY of a much more distant relative, the 
rhesus macaque (Macaca mulatta), to enable us to reconstruct gene 
loss and conservation in the MSY during the past 25 Myr. We 
sequenced the rhesus MSY using bacterial artificial chromosome 
(BAC) clones and the SHIMS (single-haplotype iterative mapping and 
sequencing) strategy that has previously been used in the human 
and chimpanzee MSYs*"*? as well as in the chicken Z chromosome’. 
The resulting sequence is comprised of 11.0 megabases (Mb), is 
complete aside from three small gaps and has an error rate of about 
one nucleotide per Mb. We ordered and oriented the finished sequence 
contigs by fluorescence in situ hybridization and radiation hybrid 
mapping (Supplementary Figs 1-6, Supplementary Table 1, Supplemen- 
tary Files 1, 2 and Supplementary Note 1). 

We then compared the structure of the rhesus Y chromosome to 
that of the human and chimpanzee (Fig. 1). The rhesus Y chromosome 
has virtually no heterochromatin apart from the centromere, and the 
euchromatic segment of the MSY is notably smaller compared to that 
of the human and chimpanzee (Fig. 1). The single pseudoautosomal 
region (PAR) in rhesus corresponds to the short-arm PAR in human 
and to the single PAR in chimpanzee. The precise boundary between 
PAR and MSY is identical in the three species (Supplementary Fig. 7), 
confirming that stratification in all three lineages concluded before the 
divergence of apes from Old World monkeys. 

The euchromatic portions of the rhesus, human and chimpanzee 
MSYs are comprised primarily of two distinct sequence classes: 
X-degenerate and ampliconic. The X-degenerate regions, relics of 
shared X-Y ancestry, are dotted with single-copy homologues of 
X-linked genes. The X-degenerate regions are relatively well conserved 
among the rhesus, human and chimpanzee MSYs, with large blocks of 
homology that are readily identifiable (Supplementary Figs 8 and 9). 
Indeed, the X-degenerate regions are the only portions of the rhesus 
and human MSYs whose sequences can be aligned over distances of 
greater than 50 kb. We found rhesus-human nucleotide divergence 
there to be 9.4% (Supplementary File 3). This is markedly higher than 
the 6.5% divergence that is observed when the rhesus and human 
female genomes are compared“. The difference probably reflects the 
restriction of the MSY to the male germ line, where base-pair sub- 
stitutions are more frequent than in the female germ line’. From these 
data, we calculate the male-to-female mutation rate ratio (a) to be 
2.78 (95% confidence interval 2.74—-2.81), in agreement with previous 
but less precise estimates’*’®. The X-degenerate sequences in rhesus, 
human and chimpanzee are not entirely colinear, as large-scale re- 
arrangements have occurred in each lineage (Supplementary Figs 8-10). 

For all three species, the MSY’s ampliconic regions are composed of 
long, nearly identical repeat units that are arrayed in either direct or 
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Figure 1 | Comparison of rhesus, human and chimpanzee Y chromosomes. 
a, Schematic representations of rhesus, human and chimpanzee Y 
chromosomes, to scale. Other, single-copy, male-specific sequences that are 


inverted orientation and undergo frequent gene conversion—a process 
that is thought to slow or prevent the decay of genes that reside 
there*’’. Ampliconic genes display testis-specific expression patterns, 
consistent with their having critical roles in spermatogenesis*!"’’. 
Only 0.5 Mb of the rhesus MSY euchromatin is ampliconic, compared 
to 10.2 Mb and 14.7 Mb in human and chimpanzee, respectively 
(Fig. 1, and Supplementary Figs 11 and 12). In human and chimpanzee, 
the ampliconic regions of the MSY feature large palindromes, each 
composed of two inverted repeats (arms) separated by a short spacer. 
The human and chimpanzee MSYs have 8 and 19 palindromes that 
span 5.5 Mb and 7.5 Mb, respectively*"*. By contrast, the rhesus MSY 
has only three palindromes and these collectively span 437 kb (Sup- 
plementary Table 2 and Supplementary Fig. 13). Two of the rhesus 
MSY palindromes are orthologues of human MSY palindromes, 
demonstrating that these structures have been maintained for at least 
25 Myr (Supplementary Fig. 13). 

We identified protein-coding genes in the rhesus MSY using three 
complementary approaches. First, we electronically searched the 
rhesus MSY for homologues of all known human and chimpanzee 
MSY genes and pseudogenes. Second, we searched for homologues 
of all known human X-linked genes, to identify any X-Y shared genes 
that had been lost in both the human and chimpanzee MSY but 
retained in the rhesus MSY. Third, we searched for additional 
rhesus-specific MSY genes using electronic prediction tools and 
high-throughput sequencing of rhesus testis complementary DNA 
(245 Mb in total). We validated each putative gene by verifying tran- 
scriptional activity (Supplementary Fig. 14) and, where applicable, by 
comparing its predicted open reading frame to that of its human 
orthologue (Supplementary Table 3). 

We then compared the catalogues of MSY genes in rhesus, human* 
and chimpanzee’ to infer gene loss and conservation during the past 
25 Myr. To root this analysis in a deep evolutionary context, we first 
reconstructed which of the modern rhesus MSY genes were present on 
the common autosomal ancestor of X and Y (Fig. 2, Supplementary 
Table 4 and Supplementary Note 2). Most ‘ancestral’ MSY genes would 
be expected to have a homologue both on the human X chromosome and 
on the chicken autosomes (chromosomes 1 and 4) that share common 
ancestry with mammalian X and Y chromosomes’». Indeed, 33 genes 
and pseudogenes in the rhesus, human or chimpanzee MSY have their 
most closely related human homologues on the X chromosome 
(Fig. 2), and 29 of these also have homologues within syntenic regions 
of chicken chromosome 1 or 4. Analyses of a more distant outgroup, 
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Xenopus tropicalis, revealed that two of the four rhesus MSY genes 
lacking homologues on chicken chromosome 1 and 4 (TSPY and 
AMELY) are X-Y ancestral; they were lost in the chicken lineage after 
divergence from mammals (Supplementary Note 2). A few human 
MSY genes with X homologues are recent additions to the MSY rather 
than remnants of the ancestral autosome pair; PCDH11Y and 
TGIF2LY are located in the human-specific X-transposed region’, 
and the X-linked homologue of VCY is found only in simian primates”. 
We found a total of 30 ancestral MSY genes and pseudogenes in rhesus, 
human or chimpanzee (Fig. 2). 

Within strata 1-4, which collectively comprise the bulk of the 
human MSY, the rhesus and human MSYs possess precisely the same 
18 ancestral genes (Fig. 2). This notable and unanticipated identity 
leads us to conclude that, 25 Myr ago, in the last common ancestor of 
rhesus and human, MSY strata 1-4 also carried these 18 ancestral 
genes (Table 1 and Supplementary Table 5), and that no loss of ancestral 
genes occurred subsequently in either lineage (Supplementary Note 3). 
We note that, within strata 3 and 4, the rhesus and human MSYs carry a 
total of six ancestral pseudogenes that seem to have lost their function 
more than 25 Myr ago (Supplementary Fig. 15). 

The evolutionary stability of ancestral genes in strata 1-4 could be 
explained by purifying selection, which, in the absence of sexual 
recombination, would have preserved critical ancestral genes for tens 
or even hundreds of millions of years. We demonstrated previously 
that purifying selection preserved MSY genes during the past 100,000 
years of human population expansion and migration”. Comparing 
human and rhesus, we find that most ancestral genes display a ratio 
of nonsynonymous substitution rate to synonymous substitution rate 
that is significantly less than one (Supplementary Note 4, Supplemen- 
tary Table 3 and Supplementary Fig. 16), demonstrating purifying 
selection during the past 25 Myr. 

The pattern of gene loss and conservation in stratum 5, formed only 
5 Myr before the rhesus and human lineages split, is remarkably dif- 
ferent from the pattern in the four older strata. Within the past 30 Myr, 
four ancestral genes have been inactivated or deleted from stratum 5 of 
the MSY in both rhesus and human (Fig. 2 and Supplementary Note 5). 
A fifth ancestral gene, MXRASY, remains active in rhesus (Supplemen- 
tary Fig. 11) but was inactivated by an intragenic deletion in the human 
lineage (Supplementary Fig. 17). Apart from MXRASY, all differences 
in MSY gene content between rhesus and human involve genes that 
were added to the human MSY subsequent to the ape-Old World 
monkey split (Fig. 2 and Supplementary Table 5). 
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Figure 2 | Inventories of genes, both ancestral and added, in rhesus, human 
and chimpanzee MSYs. Ancestral genes grouped by stratum (1-5). In rhesus, 
human and chimpanzee, current status of each MSY gene is indicated by 
shading in one of three columns: present and intact, inactivated pseudogene, or 
absent or deleted. Total numbers of intact genes, pseudogenes (pseudo), and 
absent genes—both ancestral and added—are tallied for each species. For each 
MSY gene, whether the most closely related human homologue is located on the 
X chromosome is shown (right). 


Table 1 | Stratification of X-Y ancestral gene loss in primate MSYs 
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Figure 3 | Kinetics of ancestral gene loss during evolution of five human 
MSY strata. Gene numbers are plotted on a log scale on the y axis, and time (in 
Myr before present) is plotted on the x axis. Filled circles show inferred or 
observed gene numbers in (from left to right) X-Y ancestral chromosome (at 
time of stratum formation), rhesus-chimpanzee-human ancestral MSY (25 
Myr ago), chimpanzee-human ancestral MSY (6 Myr ago), and modern 
human MSY. Dotted and dashed lines represent best-fit curves to data points 
using each of three decay models as indicated. 


Returning to strata 1-4, we note that five ancestral genes have been 
inactivated or lost from the chimpanzee MSY during the past 
6 Myr’*”*, in sharp contrast to the strict conservation of ancestral gene 
content in rhesus and human (Fig. 2). We previously proposed that in 
the chimpanzee lineage promiscuous mating behaviour”', sperm com- 
petition and intense sexual selection that focused on the MSY drove 
rapid evolution and amplification of MSY sequences that are asso- 
ciated with spermatogenesis'*’*. Furthermore, we speculated that in 
the chimpanzee lineage inactivated alleles of some ancestral genes 
became fixed in the population through ‘genetic hitchhiking’; casualties 
of positive but indiscriminate selection operating in the absence of 
sexual recombination in the MSY'*!*”*, Among primate species, 
chimpanzees have a high testis-weight to body-weight ratio, a useful 
indicator of the degree of sperm competition”**. Although the rhesus 


Number of ancestral genes 
on human X chromosome* 


Age of stratum 
(millions of years) (from refs 2, 3) 


Number of ancestral genes on MSY 


Last common ancestor} Rhesus Human Chimpanzee 
Stratum 1 240-320 414 5 5 5 4 
Stratum 2 130-170 88 2 2 2 2 
Stratum 3 80-130 143 8 8 8 5 
Stratum 4 38-44 12 3 2 3 2 
Stratum 5 29-32 7 2-7 2 1 1 


* Gene numbers from ref. 5, Supplementary Table 4 and Supplementary Note 2. 
+ Gene counts in MSY of a hypothetical rhesus-human-chimpanzee ancestor deduced from observed gene counts in extant species. 
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is similarly promiscuous and has an even higher testis-weight to body- 
weight ratio, the rhesus MSY shows little evidence of intense sexual 
selection. We suggest that in the rhesus lineage, such selection was 
focused on spermatogenesis factors that are encoded elsewhere in 
the genome. This would also account for the virtual absence in rhesus 
of the MSY sequence amplification that is prominent in human and 
even more pronounced in chimpanzee (Fig. 1). 

Our knowledge of all five strata of the MSY, gained through our 
comprehensive comparisons of ancestral gene content in the rhesus, 
human and chimpanzee MSYs, enabled us to reconstruct the kinetics 
and trajectory of human MSY evolution. For each of the five MSY 
strata, we estimated ancestral gene numbers at three points in the 
human evolutionary lineage: in the last common ancestor of human 
and chimpanzee (6 Myr ago), in the last common ancestor of human 
and rhesus macaque (25 Myr ago) and at the time of the stratum’s 
formation, when X-Y differentiation was initiated (from ~30 to >240 
Myr ago; Table 1). For each stratum, we plotted these three estimated 
numbers against evolutionary time, together with the observed number 
of ancestral genes in modern human, and fit a curve (Fig. 3 and Sup- 
plementary Fig. 18). For each of the five strata, a simple two-parameter 
model, using an exponential decay equation that includes a baseline 
constant, provides an excellent fit to our data (Fig. 3 and Supplementary 
Table 6). According to this reconstruction, ancestral gene decay within 
each stratum proceeded rapidly at first—with an ancestral gene half-life 
of less than 5 Myr (Supplementary Table 6)—but then decelerated 
markedly, as the ancestral gene count reached a stable level far below 
its starting point. In our reconstruction, strata 1-4 had already reached a 
stable level before the human lineage diverged from rhesus; after diver- 
gence from rhesus, gene loss in the human lineage was limited to 
stratum 5, the youngest stratum, which stabilized before the human 
lineage diverged from chimpanzee. 

Our empirical reconstruction of MSY evolution is at odds with a linear 
model’”® and with a simple random decay (exponential) model’*, both 
of which project a continual decline of MSY gene content and cannot 
account for the stability of gene content that we observe over the past 25 
Myr (Fig. 3). Our data are better explained by more complex models for 
MSY gene loss that incorporate a combination of evolutionary forces”®. 
Sequencing additional Y chromosomes from animals that represent 
more divergent mammalian lineages will enable refinement of our 
reconstruction of MSY gene kinetics in the human lineage. 


METHODS SUMMARY 

BAC selection and sequencing. The SHIMS (single-haplotype iterative mapping 
and sequencing) strategy'' was used to assemble a path of sequenced clones selected 
from the CHORI-250 BAC library (http://bacpac.chori.org) and a custom BAC 
library (RMAEX) constructed by Amplicon Express (http://www.genomex.com). 
Fluorescence in situ hybridization analysis. Assays were performed on rhesus 
fibroblast cell line PROO112 from Coriell Institute for Medical Research (http:// 
ccr.coriell.org). Extended metaphase fluorescence in situ hybridization (FISH) and 
interphase FISH were performed as previously described”. 

Radiation hybrid mapping. Nine sequence-tagged site (STS) markers 
(Supplementary Table 7) were tested on a 10,000-rad panel consisting of 185 
hybrid clones”*. A genetic map was constructed and analysed statistically using 
RHMAPPER 1.22 (ref. 29). 

Generation of complementary DNA for polymerase chain reaction with 
reverse transcription (RT-PCR) and 454 sequencing. cDNA was generated from 
total RNA that was isolated from male rhesus tissues using the RNeasy kit (Qiagen). 
For 454 sequencing, cDNA was normalized using the Trimmer kit (Evrogen). 
Alignments and dot plots. Rhesus and human Y sequences were aligned using 
Stretcher (http://bioweb2.pasteur.fr/docs/EMBOSS/stretcher.html) with a gap 
open penalty of 20 and a gap extend penalty of 1. Dot-plot analyses were performed 
using custom Perl codes (http://jura.wi.mit.edu/page/papers/Hughes_et_al_2005/ 
tables/dot_plot.pl). 

Calculation of @,,. The male-to-female mutation rate ratio was calculated from 
the human-rhesus Y divergence rate and the human-rhesus autosomal diver- 
gence rate using a previously described method'>**. 

Modelling ancestral MSY gene loss. We fit a one-phase exponential decay model 
with a baseline constant (shown below) to our data (gene numbers shown in 
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Table 1) using nonlinear regression analysis in GraphPad Prism 5.0. Parameters 
for each stratum are given in Supplementary Table 6. 
One-phase exponential decay model: 


N(t)=(No—b)e “! +b 


Where Nt) is the number of genes at time t, No is the number of genes within given 
stratum in ancestral autosomal or pseudoautosomal portion of genome, K is the 
decay constant and b is the baseline (approximated by the number of active 
ancestral genes within that stratum on human Y chromosome). 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 


Received 17 October; accepted 10 January 2012. 
Published online 22 February 2012. 


1. Charlesworth, B. The evolution of sex chromosomes. Science 251, 1030-1033 
(1991). 

2. Lahn, B. T. & Page, D. C. Four evolutionary strata on the human X chromosome. 
Science 286, 964-967 (1999). 

3. Ross, M. T. et a/. The DNA sequence of the human X chromosome. Nature 434, 
325-337 (2005). 

4. Skaletsky, H. et al. The male-specific region of the human Y chromosome is a 
mosaic of discrete sequence classes. Nature 423, 825-837 (2003). 

5. Bellott, D. W. et al. Convergent evolution of chicken Z and human X chromosomes 
by expansion and gene acquisition. Nature 466, 612-616 (2010). 

6. Charlesworth, B. & Charlesworth, D. The degeneration of Y chromosomes. Phil. 

Trans. R. Soc. Lond. B 355, 1563-1572 (2000). 

Aitken, R. J. & Marshall Graves, J. A. The future of sex. Nature 415, 963 (2002). 

Sykes, B. Adam’s Curse (Norton, W. W. & Company, 2004). 

Graves, J. A. Koina, E. & Sankovic, N. How the gene content of human sex 

chromosomes evolved. Curr. Opin. Genet Dev. 16, 219-224 (2006). 

0. Marshall Graves, J. A. Weird animal genomes and the evolution of vertebrate sex 
and sex chromosomes. Annu. Rev. Genet. 42, 565-586 (2008). 

1. Kuroda-Kawaguchi, T. et a/. The AZFc region of the Y chromosome features 
massive palindromes and uniform recurrent deletions in infertile men. Nature 
Genet. 29, 279-286 (2001). 

2. Hughes, J.F. etal. Conservation of Y-linked genes during human evolution revealed 
by comparative sequencing in chimpanzee. Nature 437, 100-103 (2005). 

3. Hughes, J. F. et al. Chimpanzee and human Y chromosomes are remarkably 
divergent in structure and gene content. Nature 463, 536-539 (2010). 

4. Gibbs, R. A. et a/. Evolutionary and biomedical insights from the rhesus macaque 
genome. Science 316, 222-234 (2007). 

5. Miyata, T., Hayashida, H., Kuma, K., Mitsuyasu, K. & Yasunaga, T. Male-driven 

molecular evolution: a model and nucleotide sequence analysis. Cold Spring Harb. 

Symp. Quant. Biol. 52, 863-867 (1987). 

6. Bohossian, H. B., Skaletsky, H. & Page, D. C. Unexpectedly similar rates of 

nucleotide substitution found in male and female hominids. Nature 406, 622-625 

(2000). 

7. Rozen, S. etal. Abundant gene conversion between arms of palindromes in human 

and ape Y chromosomes. Nature 423, 873-876 (2003). 

8. Lahn, B. T. & Page, D. C. Functional coherence of the human Y chromosome. 

Science 278, 675-680 (1997). 

9. Lahn, B. T. & Page, D. A human sex-chromosomal gene family expressed in male 

germ cells and encoding variably charged proteins. Hum. Mol. Genet. 9, 311-319 

(2000). 

20. Rozen, S., Marszalek, J. D., Alagappan, R. K., Skaletsky, H. & Page, D.C. Remarkably 

ittle variation in proteins encoded by the Y chromosome’s single-copy genes, 

implying effective purifying selection. Am. J. Hum. Genet. 85, 923-928 (2009). 

21. Dixson,A.F. Primate Sexuality: Comparative Studies of the Prosimians, Monkeys, Apes 

and Human Beings (Univ. Chicago Press, 1998). 

22. Rice, W.R. Genetic hitchhiking and the evolution of reduced genetic activity of the Y 

sex chromosome. Genetics 116, 161-167 (1987). 

23. Schultz, A. H. The relative weight of the testes in primates. Anat. Rec. 72, 387-394 

(1938). 

24. Harcourt, A. H., Harvey, P. H., Larson, S. G. & Short, R. V. Testis weight, body weight 

and breeding system in primates. Nature 293, 55-57 (1981). 

25. Graves, J. A. Sex chromosome specialization and degeneration in mammals. Cell 

124, 901-914 (2006). 

26. Bachtrog, D. The temporal dynamics of processes underlying Y chromosome 
degeneration. Genetics 179, 1513-1525 (2008). 

27. Saxena, R. etal. The DAZ gene cluster on the human Y chromosome arose from an 
autosomal gene that was transposed, repeatedly amplified and pruned. Nature 
Genet. 14, 292-299 (1996). 

28. Karere, G.M., Froenicke, L., Millon, L. Womack, J. E. & Lyons, L.A. A high-resolution 
radiation hybrid map of rhesus macaque chromosome 5 identifies 
rearrangements in the genome assembly. Genomics 92, 210-218 (2008). 

29. Slonim, D., Kruglyak, L, Stein, L. & Lander, E. Building human genome maps with 
radiation hybrids. J. Comput. Biol. 4, 487-504 (1997). 

30. Shimmin, L. C., Chang, B. H. & Li, W. H. Male-driven evolution of DNA sequences. 
Nature 362, 745-747 (1993). 


9 (ON 


Supplementary Information is linked to the online version of the paper at 
www.nature.com/nature. 


1 MARCH 2012 | VOL 483 | NATURE | 85 


©2012 Macmillan Publishers Limited. All rights reserved 


LETTER 


Acknowledgements We thank V. Frazzoni, G. Rogers and S. Zaghlul for technical 
assistance; L. Lyons, W. Murphy and J. Womack for radiation hybrid panels; 

W. Johnson, E. Curran, S. O’Neil and A. Kaur for tissue samples; R. Harris for 
analyses of rhesus-human genome alignments; T. DiCesare for assistance with 
figures; and D. Bellott, M. Carmell, R. Desgraz, Y. Hu, B. Lesch, J. Mueller, K. Romer 
and S. Soh for comments on the manuscript. This work was supported by the 
National Institutes of Health, the Howard Hughes Medical Institute and the Charles 
A. King Trust. 


Author Contributions J.F.H., H.Sk., W.C.W., S.R,, RA.G., R.K.W. and D.C.P. planned the 
project. J.F.H., H.Sk., L.G.B., T.J.C. and N.K. performed BAC mapping, radiation hybrid 
mapping and real-time polymerase chain reaction analyses. T.G., R.S.F.,S.D., Y.D., CJ.B., 


86 | NATURE | VOL 483 | 1 MARCH 2012 


C.K., Q.W., H.Sh., M.H., D.V., L.V.N., A.C., L.C., J.V., H.K. and D.M.M. were responsible for 
BAC sequencing. J.F.H. and H.Sk. performed comparative sequence analyses. T.P. 
performed FISH analyses. J.F.H. and D.C.P. wrote the paper. 


Author Information cDNA sequences of rhesus Y genes have been deposited in 
GenBank (http://www.ncbi.nilm.nih.gov) under accession numbers FJ527009- 
FJ527028 and FJ648737-FJ648739. 454 testis CDNA sequences have been 
deposited in GenBank under accession number SRAO39857. Reprints and 
permissions information is available at www.nature.com/reprints. The authors declare 
no competing financial interests. Readers are welcome to comment on the online 
version of this article at www.nature.com/nature. Correspondence and requests for 
materials should be addressed to J.F.H. (jhughes@wi.mit.edu). 


©2012 Macmillan Publishers Limited. All rights reserved 


METHODS 


BAC selection and sequencing. The SHIMS (single-haplotype iterative mapping 
and sequencing) strategy'’ was used to assemble a path of sequenced clones 
selected from the CHORI-250 BAC library (http://bacpac.chori.org) and a custom 
BAC library (RMAEX) constructed by Amplicon Express (http://www.genomex. 
com). The rate of error in the finished sequence was estimated by counting mis- 
matches in overlapping clones. 

FISH analysis. All assays were performed on rhesus fibroblast cell line PROO112 
obtained from the Coriell Institute for Medical Research (http://ccr.coriell.org). 
Extended metaphase FISH and interphase FISH were performed as previously 
described”. 

Radiation hybrid mapping. Nine STS markers (Supplementary Table 7) were 
tested on a 10,000-rad, male whole-genome panel consisting of 185 hybrid 
clones”. The average retention frequency of the markers tested was 16%, ranging 
from 10-27%. A genetic map was constructed and analysed statistically using 
RHMAPPER 1.22 (ref. 29). 

RT-PCR. Total RNA was isolated from male rhesus tissues (brain, prostate, liver, 
lung and spleen testis; Alpha Genesis) using the RNeasy kit (Qiagen) and cDNA 
was generated. RT-PCR primer sequences and product sizes are listed in Sup- 
plementary Table 8. 

454 sequencing of testis cDNA. Rhesus testis cDNA was generated from total 
RNA isolated using the RNeasy kit (Qiagen). The cDNA was normalized using the 
Trimmer kit (Evrogen) and sequenced on a 454 FLX Titanium machine. 
Alignments and dot plots. Rhesus and human Y sequences were aligned using 
Stretcher (http://bioweb2.pasteur.fr/docs/EMBOSS/stretcher.html) with a gap open 
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penalty of 20 and a gap extend penalty of 1. Dot plot analyses were performed using 
custom Perl codes (http://jura.wi.mit.edu/page/papers/Hughes_et_al_2005/tables/ 
dot_plot.pl). 

Calculation of @,. The male-to-female mutation rate ratio was calculated 
using the human-rhesus Y divergence rate (9.40%, 312,840 substitutions per 
3,330,847 sites examined) and the human-rhesus autosomal divergence rate 
(1.385 X 10° substitutions per 2.248 x 10° sites examined; hg18-rheMac2 
alignments downloaded from http://www.genome.ucsc.edu). Miyata’s formula 
was then used to calculate «,, (refs 15, 30):Y/A = 20,,/(1 + o%). Confidence 
intervals for ratios of divergence rates were calculated as previously described”. 
Modelling ancestral MSY gene loss. We modelled the numbers of ancestral genes 
within individual MSY strata as a function of time in millions of years before the 
present by fitting a one-phase exponential decay model with a baseline constant 
(below) to our data (gene numbers shown in Table 1) using nonlinear regression 
analysis in GraphPad Prism 5.0. Parameters for each stratum are given in Sup- 
plementary Table 6. 

One-phase exponential decay model: 


N(t)=(No—b)e “+b 


Where N(f) is the number of genes at time t, No is the number of genes within a 
given stratum in the ancestral autosomal or pseudoautosomal portion of genome, 
Kis the decay constant and b is the baseline (approximated by the number of active 
ancestral genes within that stratum on human Y chromosome). 
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Repetitive motor learning induces coordinated 
formation of clustered dendritic spines in vivo 


Min Fu', Xinzhu Yu!, Ju Lu? & Yi Zuo! 


Many lines of evidence suggest that memory in the mammalian 
brain is stored with distinct spatiotemporal patterns’*. Despite 
recent progresses in identifying neuronal populations involved 
in memory coding*°, the synapse-level mechanism is still poorly 
understood. Computational models and electrophysiological data 
have shown that functional clustering of synapses along dendritic 
branches leads to nonlinear summation of synaptic inputs and 
greatly expands the computing power of a neural network®”’. 
However, whether neighbouring synapses are involved in encoding 
similar memory and how task-specific cortical networks develop 
during learning remain elusive. Using transcranial two-photon 
microscopy", we followed apical dendrites of layer 5 pyramidal 
neurons in the motor cortex while mice practised novel forelimb 
skills. Here we show that a third of new dendritic spines (post- 
synaptic structures of most excitatory synapses) formed during 
the acquisition phase of learning emerge in clusters, and that most 
such clusters are neighbouring spine pairs. These clustered new 
spines are more likely to persist throughout prolonged learning 
sessions, and even long after training stops, than non-clustered 
counterparts. Moreover, formation of new spine clusters requires 
repetition of the same motor task, and the emergence of succedent 
new spine(s) accompanies the strengthening of the first new spine 
in the cluster. We also show that under control conditions new 
spines appear to avoid existing stable spines, rather than being 
uniformly added along dendrites. However, succedent new spines 
in clusters overcome such a spatial constraint and form in close 
vicinity to neighbouring stable spines. Our findings suggest that 
clustering of new synapses along dendrites is induced by repetitive 
activation of the cortical circuitry during learning, providing a 
structural basis for spatial coding of motor memory in the 
mammalian brain. 

Spines are dendritic protrusions that contain all the essential com- 
ponents for postsynaptic signalling and are thus a good indicator of 
synaptic connectivity’*"’. The clustered plasticity model suggests that 
neighbouring spines tend to transmit similar information to the 
postsynaptic neuron®’. To investigate the formation and functional 
significance of spine clusters during learning, we trained thy1-YFP-H 
mice'* with a seed-reaching task’* and followed the dynamics of spines 
on apical dendrites of layer 5 (L5) pyramidal neurons in the motor 
cortex contralateral to the trained limb during different learning 
phases. We found that 32.5 + 2.2% of new spines that formed during 
the acquisition phase of learning (early training, days 1-4) emerged in 
clusters; that is, two or more neighbouring new spines without inter- 
spersed existing spine(s) (Fig. la, b). Most such clusters (61 cases) 
comprised two contiguous new spines, and the other two clusters 
comprised three. In contrast, fewer new spine clusters emerged in 
untrained control mice over the same period (6.8 + 4.6%, P< 0.01) 
or in trained mice during the consolidation phase of learning (late 
training, days 13-16; 7.4+ 4.3%, P<0.01; Fig. 1b). In addition to 
clustering of contiguous new spines, we observed a few cases in which 
two or more new spines formed in close vicinity to each other, but with 


up to three existing spines interspersed among them, as well as cases in 
which new filopodia clustered with new spines (Supplementary Fig. 1). 
We incorporated these cases in another set of analyses, in which a 
cluster was defined as a set of new spines/filopodia formed within 
5 jsm of each other, regardless of the presence or absence of existing 
spine(s) between them (Supplementary Information). These analyses 
again revealed that a significantly higher percentage of new spines 
clustered during early training, compared with that in controls or 
during late training (P< 0.01 for both cases; Supplementary Fig. 2). 
They also showed that filopodia only made a minor contribution to 
new protrusion clusters (Supplementary Fig. 3). More interestingly, 
among the new spines observed at the end of the acquisition phase (day 
4), clustered new spines had a significantly higher survival rate than 
non-clustered ones (that is, individual new spines flanked by two 
existing spines) by training day 16 (P < 0.01), as well as 4 months after 
training stopped (P < 0.05; Fig. 1c). Together, our results reveal that 
motor learning induces coordinated formation of clustered synapses, 
which presumably belong to the same neuronal circuit and persist over 
time to encode motor information. 

Perfection of a motor skill requires repeated practice, usually 
through multiple training sessions. We therefore sought to find out 
whether clustered new spines observed on training day 4 were formed 
within the same training session or across different sessions. We 
imaged the mice three times (on the day before training, and after 1 
and 4 days of training), and found that among new spine clusters 
observed on training day 4, only 2.4% were composed of spines that 
formed together between training days 0 and 1. On the other hand, 
43.9% of clusters were composed of spines formed between days 1 and 
4, and the remaining 53.7% of clusters consisted of one spine formed 
between days 0 and 1 (the first new spine) and another spine formed 
between days 1 and 4 (the second new spine). Thus most new spine 
clusters emerged through recurrent training sessions. To determine 
how the formation of the second new spine in a cluster correlates with 
functional changes of the first new spine, we categorized first new 
spines into three groups based on their survival and neighbouring 
spine addition: transient new spines (formed on training day 1 but 
lost by day 4); persistent clustered new spines (formed on training 
day 1, survived until day 4, with an adjacent new spine formed between 
days 1 and 4); and persistent non-clustered new spines (formed on 
training day 1, survived until day 4, with no adjacent new spine forma- 
tion) (Fig. 1d). As spine head size closely correlates with synaptic 
strength, we followed head sizes of first new spines over time. On 
training day 1, we found that head sizes of both transient and persistent 
new spines were significantly smaller than those of existing stable 
spines along the same dendrite (P < 0.001 for both cases, Supplemen- 
tary Fig. 4). By training day 4, head sizes of persistent clustered new 
spines increased significantly (P< 0.01; Fig. le and Supplementary 
Fig. 5a), whereas head sizes of persistent non-clustered new spines 
remained comparable to day 1 (P>0.2; Fig. 1f and Supplemen- 
tary Fig. 5b). Because spine head size is a good proxy for synaptic 
strength, these data suggest that formation of the second new spines 
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accompanies synaptic potentiation at first new spines during motor 
learning. It is consistent with previous reports that long-term poten- 
tiation at a single spine can facilitate formation and potentiation of 
neighbouring spines'*””. 

Different sets of synapses have been shown to be involved in differ- 
ent motor tasks'*. We therefore trained the same mice sequentially 
with two motor skills (cross-training) to determine if spines induced 
by different motor tasks cluster. Cross-training started with the reach- 
ing task on day 1 and then switched to the capellini-handling task, 
which also requires forelimb coordination, on days 2-4 (Fig. 2a and 
Supplementary Table 1). We found that 12.3+0.4% new spines 
formed during the capellini-handling task between days 1 and 4, 
among which 28.4 + 2.8% occurred in clusters (Fig. 2b-d). Both the 
spine formation rate and the percentage of clustered new spines were 
comparable to those in mice continuously trained with the reaching 
task (reach-only) (P > 0.5 in both cases), and were significantly higher 
than those in control mice over the same period of time (P < 0.01 in 
both cases, Fig. 2c, d). Thus, the capellini-handling task itself 
can induce clustered spine formation. However, only 3.3 + 2.1% of 
capellini-handling-induced new spines clustered with reaching- 
induced new spines in cross-training. This contrasts with the outcome 
of reach-only training (13.8 + 1.0%, P< 0.01, Fig. 2e), suggesting that 
new spines induced by different tasks have a low incidence of cluster- 
ing with each other. To characterize further the task-specific nature of 
clustered spine formation, we housed animals in a motor enriched 
environment with daily change of motor challenges (Fig. 2a; see 
Methods). Motor enrichment also robustly enhanced spinogenesis: 
13.7 + 0.8% new spines formed between days 1 and 4, comparable 
to the percentages under reach-only and cross-training conditions 
(P>0.1 for both cases). However, only 12.6+ 1.1% of these new 
spines appeared in clusters, a percentage comparable to controls 
(P > 0.2, Fig. 2d) but significantly lower than that under reach-only 
or cross-training conditions (P< 0.01 for both cases). Together these 
data indicate that, whereas novelty in learning stimulates spinogenesis, 
repetitive activation of the same cortical circuit is crucial in clustered 
spine formation (Supplementary Fig. 6). 

The phenomenon of learning-induced, coordinated spinogenesis led 
us to investigate further the spatial distribution of new spines. We first 
examined the distance between a new spine (n) and its nearest existing 
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Figure 1 | Acquisition of a novel motor skill 
induces formation of spine clusters. a, Repeated 
imaging of the same dendritic branch during motor 
learning reveals that a second new spine that 
formed between days 1 and 4 (red arrowhead) is 
located next to a stabilized new spine that had 
formed on day 1 (blue arrowhead). Scale bar, 1 pm. 
b, A higher percentage of new spines formed in 
clusters over 4 days during early training (n = 18 
mice), compared with control (n = 7) and late 
training (n = 4). c, Clustered new spines observed 
on training day 4 have a higher survival rate than 
non-clustered counterparts by the end of the 16- 
day training (n = 6), as well as 4 months after 
training stops (n = 4). d, New spines formed on 
training day 1 are classified according to their fate 
and neighbouring spine formation. e, Spine head 
sizes of persistent clustered new spines increase 
between training days 1 and 4. f, Spine head sizes of 
persistent non-clustered new spines show no 
change between training days 1 and 4. Spine head 
size is quantified by the normalized spine head 
diameter, defined as the ratio of the spine head 
diameter to the adjacent dendritic shaft diameter. 
*P< 0.05, **P< 0.01. Error bars, s.e.m. 
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spine (s) (D,_,, Fig. 3a) in control mice. We then simulated D,_, dis- 
tribution under the null hypothesis that new spines form uniformly and 
independently along the dendrite (see Methods). Compared with simu- 
lation results, the median of measured values of D,_, was significantly 
larger (Fig. 3b), and the cumulative probability distribution of measured 
values of D,_, was shifted towards longer distances (Fig. 3c). These 
results suggest that new spines are not randomly dispersed along 
dendritic segments, and their apparent avoidance of existing stable 
spines under control conditions is consistent with the idea that 
neighbouring spines share and compete for local resources'*”’. 

To determine if motor learning alters the spatial distribution of new 
spines, we examined values of D,,, in mice trained with the reaching 
task. We found that the distance between a new spine formed on training 
day 1 (n,) and the nearest existing spine (D,)_,) was comparable for 
trained and control mice (P> 0.7). We classified new spines formed 
between training days 1 and 4 (nq) into two categories: clustered nj (that 
is, those that formed next to a stabilized first new spine; Fig. 3d) and non- 
clustered nj (those that did not form next to a stabilized first new spine). 
We found that clustered n, were significantly closer to their nearest stable 
spines (n, or a stable spine existing since day 0; Fig. 3d) (Dy2-s, dustered) 
than were n, (D,;-,) (P< 0.05). In contrast, the distance between a 
non-clustered n, and its nearest stable spine (Dy2-, non-clustered) WaS 
comparable to D,\_, (P > 0.9, Fig. 3e). In addition, when an n, formed 
between two adjacent stable spines, the distance between the two stable 
spines (D,_»1-s) was comparable for control and trained mice (P > 0.7; 
Supplementary Fig. 7). However, the distance between a stabilized n, 
and the adjacent stable spine, between which a clustered n, formed 
(Dni-n2-s), Was significantly smaller than the distance between two 
adjacent stable spines, between which a non-clustered n, formed 
(Ds-n2-s3 P< 0.01; Supplementary Fig. 7). These results suggest that 
learning-induced clustered new spines can overcome the spatial con- 
straint of existing spines and be packed into tighter dendritic space. 

Recent studies have shown that dendritic spines are dynamic in the 
living brain, and that rearrangement of cortical connections through 
de novo growth and loss of spines provides a structural substrate for 
experience-dependent plasticity***°. Built upon these works, our study 
reveals a novel spatial rule of spinogenesis during motor learning. We 
found that learning-induced new spines tend to form in small clusters 
(mostly pairs). The correlation between the emergence of the second 
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Figure 2 | Clustered new spines form over multiple training sessions of the 
same, but not different, motor tasks. a, Timelines of reach-only, cross- 
training and motor enrichment experiments. b, Repeated imaging of the same 
dendritic branch revealed that two neighbouring new spines (arrowheads) 
formed between days 1 and 4 during cross-training. Scale bar, 1 jum. c, Higher 
percentages of new spines formed between days 1 and 4 in reach-only, cross- 
training and motor enrichment, compared with controls. d, Higher percentages 
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Figure 3 | The spatial distribution of new spines along dendrites. 

a, Schematic illustrating the measurement of D,_,. b, The median of measured 
values of D,_; (red circle) is significantly larger than that of simulated values of 
Dy,-s (box plot of results from 1,000 simulations, with whiskers representing the 
minimum and the maximum) in control mice. The simulation is based on the 
null hypothesis that new spines are added independently and uniformly along a 
linear dendrite. c, Cumulative probability distribution of measured D,,_, is 
shifted towards longer distances than the simulated D,_, in control mice. 
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of new spines formed in clusters between days 1 and 4 in reach-only and cross- 
training, compared with controls. e, A higher percentage of new spines that 
formed between days 1 and 4 clustered with new spines that had formed 
between days 0 and 1 in the reach-only condition, compared with controls. 
Number of mice examined: six control, nine reach-only, five cross-training and 
six motor enrichment. **P < 0.01, ***P < 0.001. Error bars, s.e.m. 
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d, Schematic illustrating the measurement of Dy» -¢, custerea- The nearest spine to 
a clustered n, could be either a persistent first new spine (n;) or a stable spine 
existing since day 0, depending on relative n, location. e, D,;_, in control mice is 
comparable to that of trained mice. In trained mice, Dn2-s, clustered iS 
significantly smaller than D,)_,, whereas Dy2-s, non-clustered is Comparable to 
Dy \-s. The number of spines analysed in each condition is indicated on each 
column. *P < 0.05. Error bars, s.e.m. 
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new spine and the strengthening of the first new spine also suggests their 
potential participation in the same neuronal circuit. These findings 
support the clustered plasticity model, which postulates that synapses 
located close together along the same dendritic branch are more likely 
to be allocated for the same information than synapses dispersed 
throughout the dendritic arbor’. Indeed, in the mouse auditory cortex, 
although spines tuned for different frequencies are highly interspersed, 
26% of neighbouring spines exhibit similar effective frequencies, much 
more frequently than anticipated from random distribution (10%)”*. 
Therefore, although neurons tend to maximize their overall connec- 
tions”, clustered plasticity ensures strengthening of circuit-specific 
connections and enables spatial coding for task-related information. 

Previous electron microscopy studies have revealed that neighbouring 
spines can form synapses with the same axon**~*° (see Supplemen- 
tary Fig. 8a, c, e). Positioning multiple synapses between a pair of 
neurons in close proximity allows nonlinear summation of synaptic 
strength, and potentially increases the dynamic range of synaptic 
transmission well beyond what can be achieved by random positioning 
of the same number of synapses. Alternatively, clustered new spines 
may synapse with distinct (but presumably functionally related) 
presynaptic partners (Supplementary Fig. 8b, d). In this case, they 
could potentially integrate inputs from different neurons nonlinearly 
and increase the circuit's computational power. Distinguishing 
between these two possibilities would probably require circuit recon- 
struction by electron microscopy following in vivo imaging to reveal 
the identities of presynaptic partners of newly formed spines. 

Profiling spine formation during novel experiences, our data revealed 
a critical role of repetitive activation of the same neuronal circuit. The 
fact that the second new spine in a cluster can overcome the spatial 
constraint imposed by existing spines suggests that repetitive activation 
of a neuronal circuit may modify or reallocate local ‘resources’ for 
spinogenesis. Such resources may be permissive or instructive 
molecular cues at the pre- or postsynaptic site, or the availability of 
suitable partners (for example, axonal boutons). Understanding 
the nature and regulation of such resources may hold the key to 
elucidating the cellular mechanisms of clustered spine formation. It 
will be conducive to the development of tools to label and manipulate 
specific synaptic populations, and ultimately to the dissection of 
the causal relationship between synaptic dynamics and learning. 


METHODS SUMMARY 


YFP-H line mice’ expressing yellow fluorescent protein (YFP) in a small subset of 
cortical neurons were used in all the experiments. Mice of both sexes were trained 
with different motor-skill tasks or housed in a motor-enriched environment, 
starting at 1 month of age (see Methods). The procedures for transcranial two- 
photon imaging and quantification of spine dynamics have been described previ- 
ously’?'*. ImageJ was used to measure spine head size, as well as inter-spine 
distances. Simulation was performed with custom-written codes in Matlab 
(MathWorks) and statistical analyses were performed using GraphPad Prism 5 
(GraphPad Software) (see Methods). All data were presented as mean + s.e.m. 
P values were calculated using the Mann-Whitney U-test for independent 
samples, and the Wilcoxon signed-rank test for paired samples. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 


Experimental animals. Thy1-YFP-H line mice'* were obtained from the Jackson 
Laboratory. Mice were group-housed and bred in the University of California, 
Santa Cruz, animal facility, with all experiments performed in accordance with 
approved animal protocols. 

Motor skill training and motor enrichment. Both the mouse single-seed reaching 
task and capellini-handling task protocols have been previously described». ‘Motor- 
enriched’ mice were reared in groups of 8-12 in large cages (90 cm X 25cm X 15cm) 
containing various toys, such as ropes, ladders, chains, hanging mesh/bars etc., all of 
which required substantial motor coordination. The nature of toys was changed ona 
daily basis. Control mice were housed in standard mouse cages, with up to five mice 
per cage. 

Surgical procedure for in vivo transcranial imaging. The procedure for 
transcranial two-photon imaging has been described previously''*'. Trained mice 
were imaged immediately after each training session. 

Data quantification. All analyses of spine dynamics were done using ImageJ 
software, blinded for experimental conditions. Quantification criteria of dendritic 
spines have been described previously'*. All dendritic protrusions were tracked 
manually in three-dimensional stacks to ensure the consistency of protrusion iden- 
tification across imaging sessions, despite possible tissue movement or rotation. The 
number and location of dendritic protrusions (defined as protrusion length larger 
than one-third of dendritic shaft diameter) were identified in each view. Filopodia 
were identified as long, thin structures with the ratio of head diameter to neck 
diameter being less than 1.2 and the ratio of length to neck diameter being greater 
than 3. The remaining protrusions were classified as spines. Formation and 
elimination of spines and filopodia were determined by comparing images collected 
at two different time points. Spines or filopodia were considered identical between 
the two images if they were within 0.7 jm of their expected positions, based on their 
spatial relationship to adjacent landmarks and/or their positions relative to 
immediately adjacent spines. A stable spine was defined as a spine that was present 
in both images. A new spine was a spine that appeared in a subsequent image but 
was absent from the initial image. Percentages of formed and eliminated spines (or 
dendritic protrusions) were normalized to the number of spines (or dendritic 
protrusions) in the initial image. Spine diameter analyses have been previously 


described''. Because imaging and animal conditions varied over time, the ratio of 
the spine head diameter to the adjacent dendritic shaft diameter was used as the 
normalized spine head diameter. Measurement of spine head intensity, as described 
previously’, was also performed to confirm these spine size results. Briefly, we 
determined the signal intensity (defined as the sum intensity of all pixels composing 
the spine in the best focal plane) and subtracted the background intensity (defined 
as the sum intensity of a region composed of the same number of pixels as the spine 
but with no YFP-labelled structure). The difference was then divided by the mean 
intensity of the adjacent dendritic shaft (defined similarly as the difference between 
the mean signal intensity of the shaft and the mean background intensity) to correct 
for varying imaging conditions. The final value was termed ‘integrated spine 
brightness.’ All distance measurements were done in ImageJ. To simulate spine 
formation, we first obtained the relative location of stable spines by measuring 
inter-spine distances along traced dendrites in seven control animals, and conca- 
tenated dendritic segments from each animal into a single ‘synthetic dendrite.’ We 
then used custom-written Matlab codes to simulate the addition of new spines. As 
we observed, two spines can extend from the same linear location along the 
dendritic segment and point towards different directions, given the cylindrical 
shape of dendrites. In our analysis and simulation, we made the simplifying 
approximation that the dendritic segment is one-dimensional rather than a tube. 
Therefore, zero inter-spine distance in our analysis represents two spines over- 
lapping in linear position but actually located at different sites around the circum- 
ference of the dendritic segment. In each round of simulation, the same numbers of 
new spines as observed in experiments were generated independently and uni- 
formly along synthetic dendrites. The distance between each new spine and its 
nearest stable spine (D,,_,) was calculated. The simulation was repeated 1,000 times 
and the resultant data were pooled to compute the simulated sample median and 
the cumulative probability curve. All data were presented as mean + standard error 
of mean (s.e.m.). P values were calculated using the Mann-Whitney U-test for 
independent samples, and the Wilcoxon signed-rank test for paired samples. 
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Continental collision slowing due to viscous mantle 
lithosphere rather than topography 


Marin Kristen Clark! 


Because the inertia of tectonic plates is negligible, plate velocities 
result from the balance of forces acting at plate margins and along 
their base’. Observations of past plate motion derived from marine 
magnetic anomalies provide evidence of how continental deforma- 
tion may contribute to plate driving forces” *. A decrease in conver- 
gence rate at the inception of continental collision is expected 
because of the greater buoyancy of continental than oceanic 
lithosphere*’, but post-collisional rates are less well understood. 
Slowing of convergence has generally been attributed to the 
development of high topography that further resists convergent 
motion’"®; however, the role of deforming continental mantle 
lithosphere on plate motions has not previously been considered. 
Here I show that the rate of India’s penetration into Eurasia has 
decreased exponentially since their collision. The exponential 
decrease in convergence rate suggests that contractional strain 
across Tibet has been constant throughout the collision at a rate 
of 7.03 x 10-'°s~ 1, which matches the current rate. A constant 
bulk strain rate of the orogen suggests that convergent motion is 
resisted by constant average stress (constant force) applied to a 
relatively uniform layer or interface at depth. This finding follows 
new evidence that the mantle lithosphere beneath Tibet is intact"’, 
which supports the interpretation that the long-term strain history 
of Tibet reflects deformation of the mantle lithosphere. Under con- 
ditions of constant stress and strength, the deforming continental 
lithosphere creates a type of viscous resistance that affects plate 
motion irrespective of how topography evolved. 

Marked slowing of the convergence rate of India with Eurasia deter- 
mined from plate circuit motions*” agrees broadly with the estimate of 
continental collision age from the stratigraphic record”’, which is most 
simply interpreted as a response to the increased buoyancy of continental 
crust entering the subduction zone after collision. However, updated 
motions based on greater detail of spreading in the Indian Ocean”, 
motion between Nubia and North America* and between North 
America and Eurasia’* reveal further slowing of India—Eurasia motion 
in late Cenozoic time as post-collisional convergence between India 
and Eurasia continued”*. Decreases in rate of more than 40% between 
20 and 10 Myr ago occurred in the same time interval as the onset of 
east-west extension in the central plateau, increased faulting and 
erosion rates on the perimeter of the plateau, and deformation of the 
Indian oceanic lithosphere’. The correlation of a decrease in rate with 
tectonic activity along the margins of the plateau has been interpreted 
as an isostatic response to the removal of dense mantle lithosphere 
from beneath Tibet and an attendant increase in elevation leading to 
slowing of India’s convergence’. Dynamic models constrained by 
modern kinematic data also conclude that gravitational potential 
energy (GPE) contributes stresses approximately equal in magnitude 
to plate boundary stresses and thus contributes significantly to the style 
and magnitude of deformation within Tibet". 

The potential role of topography in post-collisional slowing, however, 
is not confined to just the past 20 Myr. Rather, convergence rates have 
been exponentially decreasing since collision. Here I show how the 
continual slowing of India’s convergence with Eurasia can be related 


to the horizontal extent of deformation rather than to a period of rapid 
increase in elevation. On the basis of geological studies, the location of 
compressional faulting describes the extent over which the convergent 
motion is distributed. Hence, given a knowledge of speed and distance, 
changes in the post-collisional convergence rate can be directly 
interpreted as bulk continental strain rate through time and can be 
used to evaluate whether or not topography influences plate motion. 

Before collision, the southern Eurasian margin developed as an 
Andean-style mountain range with abundant magmatic activity and a 
back-arc fold and thrust belt that significantly shortened and probably 
elevated the crust’®. However, to the north and northeast, broad areas of 
non-marine deposition occurred and most researchers think that little 
crustal thickening occurred over Eurasia’s interior'’. Near the time of 
collision at ~45-50 Myr ago, northeast-southwest shortening reached 
far northward to include a much larger area of the Eurasian continent 
than it did previously. In fact, early faulting is now recognized across 
much of the modern northern boundary of the plateau (~40° N), once 
thought to be the most youthful part of the orogen. On the basis of new 
ages of surface faulting from stratigraphy and thermochronometry 
studies, widespread deformation at the modern northern plateau 
boundary occurred in Palaeocene and Eocene time’*” (Fig. 1). This 
deformation occurred on major thrust and reverse faults that were 
spatially continuous for several tens to hundreds of kilometres. Faults 
accommodated north-south to northeast-southwest directed shorten- 
ing and were large enough to develop foreland basins”, which suggests 
thrust loading of sufficient magnitude to depress the Earth’s surface. 
Collision-age deformation has occurred elsewhere in the northern 
interior of the plateau*'**”* such that the northern plateau boundary 
can be considered to be a stationary feature since roughly collision time 
and that the complete north-south extent of the plateau probably 
deforms by compressional or related faulting soon after collision. 

The stationary position of the northern plateau boundary relative to 
stable Eurasia since collision presents a unique opportunity to derive 
the history of orogen width on the basis of convergent motion and thus 
relate strain rate to changes in convergence rates through time. I define 
the modern orogen width (Lo) as the average extent of the plateau in 
the direction of plate convergence. To describe the orogen width 
through time L(t), I use the distance between a point on the northern 
edge of the undeformed Indian plate (x) and the northern plateau 
boundary. Changes in orogen width through time can be expressed by 


L(t) = x(t) + Lo (1) 


where x(t) represents the position of India at some time relative to its 
modern position and x(t) = 0 at t= 0, and positions in the past are 
considered to be negative time (Fig. 1). L(t) decreases towards the 
present as India moves northward towards a stationary boundary. 
This description of orogen width approximates the one-dimensional 
length scale of continental deformation in the direction of plate con- 
vergence and averages along strike differences in the distance away 
from the plate boundary that deformation occurs. Changes in orogen 
width (L) could include processes such as the partial subduction or 
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Figure 1 | Plot of Indian plate motion’ (x(#)) with respect to modern 
topography of the Tibetan orogen and position of major compressional or 
transpressional faults. The position of x(t) evaluated here is considered to be 
the northernmost position of undeformed India such that the region to the 
north of this point is eventually deformed at some point in the orogen’s history 
and can be included in the determination of L(f). Other arbitrary positions on 
India would give the same relative path but would include a constant term that 
would be subtracted from L(t). The map summarizes the initiation of major 
fault systems (blue, Palaeocene-Eocene; green, Oligocene; red, Miocene- 


deformation of the passive margin of the colliding plate (India), 
internal deformation to the overriding plate (Eurasia), and southward 
underthrusting of the Eurasian mantle lithosphere. Shortening in the 
direction of convergence can also accommodated by eastward extrusion 
of Eurasian crust or lithosphere or east-west extension. 

Bulk strain rate is defined as compressional in the direction of plate 
convergence, é = v/L(t), where v is convergence rate (dx/dt) and L(¢) is 
the width of the orogenic belt. The current strain rate is equal to the 
modern plate convergence rate multiplied by Lo: 


dx/dt = & (x(t) + Lo) (2) 


Hence I consider only the one-dimensional bulk behaviour and do not 
explicitly consider how convergence is partitioned between thickening 
and lateral motion or how strain is distributed throughout the plateau. 

Next, suppose that é is a constant. Equation (2) would be satisfied by 
the function 


x(t) =Lo(e~“*—1) (3) 


and would predict that the width of the deforming region and conver- 
gence rate should decay exponentially in time. Simply put, if the bulk 
strain rate is constant, a geometric consequence ofa stationary boundary 
is that plate motion should slow exponentially because the distance that 
India travels and the rate of motion must be proportional. 

Using a nonlinear regression with 95% confidence intervals to the 
observed past positions of India since 56 Myr ago (ref. 7), I fit equation 
(3) for two constants Ly and é. Best-fit values of Lo = 2,025 + 225 km 
and 1,174 + 93 km; and é = 0.0206 + 0.001 and 0.0245 + 0.001 Myr’ * 
fit points in northeast and northwest India, respectively (Fig. 2 and 
Supplementary Information). Fitting east and west position data simul- 
taneously produces a best-fit average value of Lp = 1,586 + 590 km and 
& = 0.0222 + 0.005 Myr’ (7.03 10° '°+1.58X10 '°s~') (more 
details about the statistical fits and differences between the east and 
west profiles are described in Methods and Supplementary Figs 1 and 
2). [compare these values with the modern strain rate in two different 
ways: first, using the observed length scale or approximate width of 
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recent). See Methods for map references. AF, Altyn Tagh; EK, East Kunlun; GB, 
Gonjo basin; HB, Hoh Xil basin; HF, Haiyuan; JS, Latjie-Jishi Shan; LMS, 
Longmen Shan; LS, Luipan Shan; NQS, North Qilian Shan; NS, Nan Shan; 
NYB, Nanggian-Yushu basin; QB, Qaidam basin; QNS, Qinghai Nan Shan; 
QMT, Qimen Tagh; SQT, South Qaidam; WQ, West Qinling; XB, Xining basin. 
Numbers next to points identify chron intervals from the geomagnetic 
timescale and appropriate ages related to reconstructed past positions of two 
points on the Indian plate with respect to the Eurasia plate’. Age (Myr ago) is 
indicated in parentheses. 
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Figure 2 | Predicted versus observed positions of India with respect to 
present position. The two curves represent reconstructed positions with 
uncertainties of the northeast and northwest corners of the undeformed Indian 
plate’ from plate circuit models shown in Fig. 1 compared with predicted 
motion from periods of constant velocity’ (dotted lines and velocity values), 
best-fit nonlinear regression to equation (3) for strain rate and Lo (solid lines), 
and best-fit strain rate to equation (3) in which Ly is fixed to a value of 1,900 km 
for the eastern promontory (dashed line). Error bars represent 20 standard 
errors on position data; 95% confidence and prediction intervals to best-fit 
functions are shown in Supplementary Figs 1 and 2. Inset: N20°E directed 
geodetic velocity measurements” (points) for central and eastern Tibet as a 
function of distance from the plate boundary compared with a bulk strain rate 
derived from an observed Lo value and average plate convergence velocity (solid 
black line): # = 6.7 X 10° '°s_'. Note that the strain rate derived from plate 
motions does not specifically require a linear decrease in velocity, only that 
velocities become negligible at distances greater than Lo. Deviations of the 
geodetic velocities from a simple linear trend are undoubtedly due to effects 
such as the elastic strain accumulation on faults or block rotations, but only the 
distance over which these velocities decrease rather than the pattern of decrease 
is of relevance here. 
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modern Tibet, which when divided by the modern observed conver- 
gence rate equals a strain rate; and second, the geodetic contractional 
strain rate measured over small regions within Tibet. An average dis- 
tance of about 1,900 km north of the plate boundary coincides with the 
region where present convergent deformation rates from the Global 
Positioning System (GPS) in central and northeastern Tibet decrease to 
within an error of Ommyr ° (ref. 26), topography decreases from 
~5km to <1 km, and where mapped active structures become scarce 
to absent. This distance includes the Qaidam basin and the deforming 
region of the Qilian Shan to the north. The average value of Ly = 1,900 
for an average convergence rate of 40 mmyr ‘ yields a strain rate of 
6.7X 1076s"! (Fig. 2 inset). 

The best-fit value to plate motions suggests a time-averaged 
bulk shortening strain rate of (5.45-8.61) x 10 '°s ! within 95% 
confidence. With the exception of the southern Karakorum Jiali fault 
zone, interseismic geodetic velocities suggest that the average con- 
tractional strain and rotation rates are similar across many sub- 
regions in Tibet, although geodetic data are more concentrated in 
the east (5.2310 '°s ' to 6.56X10 '°s ! (refs 27, 28) and 
412412710 '°s ' to 5.7£1.27X 10 '°s | (ref. 26)) in com- 
parison with the (5.17 and 6.7) x 10 '°s | values determined from 
the broadly distributed, linear velocity trend across the plateau in the 
N32°E and N20°E directions, respectively***”** (Fig. 2 inset*®). The 
agreement between long-term and short-term records of contractional 
strain rate suggests that both the interseismic strain and the time- 
space-averaged finite strain history from plate motions reflect the same 
lithospheric property. 

For linear or nonlinear viscous rheologies, a constant bulk strain rate 
implies constant average stress (or constant force) despite the crustal 
thickening and rise of the Tibetan plateau since collision. I posit that 
the continental mantle lithosphere creates a constant viscous resistance 
to plate motion irrespective of crustal buoyancy. This implies either 
that the positive buoyancy due to crustal thickening is offset by the 
negative buoyancy of thickening the mantle lithosphere, or that viscous 
forces dominate over buoyancy forces because the lithosphere is 
relatively strong”. Small changes in buoyancy could be achieved by 
having the positive change in GPE created by thickening a buoyant 
crust offset by thickening dense mantle lithosphere so that the net 
change in GPE during plateau formation is small (<10'*N m_'; that 
is, less than the small change in ridge push force since collision, which is 
a small positive change in driving force that can be quantified). This 
condition can be satisfied if the initial Eurasian crust is thin (<27 km 
thick) for a broad range of reasonable lithospheric density profiles 
(Fig. 3a). 

Alternatively, the constant and low value of strain rate represents 
the deformation of a homogenous layer within the lithosphere with 
high viscosity, probably either the continental mantle lithosphere or 
subhorizontal shear on the Moho. Temperature sensitivities of shear 
wave velocities have recently been used” to interpret a region of thick 
lithosphere beneath Tibet that could represent depleted continental 
lithosphere attached to the continental crust. Such a region could 
explain the origin of the uniform strain rate and supports the notion 
ofa relatively strong lithosphere beneath Tibet. In addition, agreement 
between the observed bulk strain rate and the characteristic length 
scale of deformation for a thin viscous sheet suggests that buoyancy 
forces may be negligible compared with viscous forces (Ar=0)°° 
(Methods; Fig. 3b). 

Many studies have concluded that body forces arising from topography 
on the continents may contribute to plate motion. However, a con- 
stant resisting force to plate motion since collision challenges the 
notion that development of the high terrain in Tibet has altered 
post-collisional plate motion. Either changes in GPE have been small 
(that is, if the Eurasian crust was thin before collision and the mantle 
lithosphere thickens with the crust) or viscous stresses dominate over 
buoyancy stresses (that is, Tibet is underlain by a deforming, high- 
viscosity mantle lithosphere). Ultimately, the post-collisional decrease 
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Figure 3 | Models of crust and mantle lithosphere thickening that produce 
negligible changes in buoyancy and observed bulk strain rates. a, Model 
values of crust and mantle lithosphere thickening that produce neutral 
buoyancy. Plot of initial lithospheric thickness against initial crustal thickness 
used to produce an isostatically balanced Tibet-like plateau after crustal 
thickening to 70 km with a change in GPE of <10'*Nm_* (ref. 29). Colours 
represent the final elevation of the lithospheric column after thickening (4,500- 
5,500 m). The lithospheric density profile is chosen such that the initial 
lithospheric column has an elevation of 250 m and is in isostatic equilibrium 
with the mid ocean ridge column”. » using the following limits: p., = 2,600- 
2,800kgm *; Pm = 3,150-3,350kgm™; 2 = 3.310 °K |. b, Estimates of 
bulk strain rate for thin viscous sheet deformation assuming dominant viscous 
forces (Ar = 0)*°. Velocity decays exponentially from the plate boundary as a 
function of the width of the indenter (2,000 km) and the power-law exponent 
(n) (curve). Bulk strain rate is determined by the distance from the boundary to 
the position at which velocities decrease to less than 2.5 mmyr | (<5% of 
initial value) divided by the boundary velocity (50 mm yr~') (Methods). The 
thin viscous sheet model reproduces the observed length scale and thus bulk 
strain rate for power-law creep exponents n ~ 2.5-4. 


in convergence rate comes about not because the plateau grows higher 
but rather because the orogen narrows under constant forcing and 
the rate of deformation is controlled by the rheology of the mantle 
lithosphere. Strength rather than height is a needed departure from the 
classical interpretation of plate motion for continental margins. 


METHODS SUMMARY 


Iused published positions of northern India since 67 Myr ago (time versus distance)’ 
to evaluate convergence rates between India and Eurasia since continental collision. I 
determine a best fit to these position data for the equation x(t) = Lo(e~ t_ 4) using a 
nonlinear least-squares regression to observed values with 2¢ standard errors. Best- 
fit values of Lo and é are interpreted as the modern orogen width and bulk strain rate, 
respectively. Best-fit values of Ly were compared with the observed modern width of 
the plateau determined from topography and GPS, whereas model values of é were 
compared with observed modern strain rates derived from geodetic data across and 
within subregions of the plateau. Agreement between long-term strain rates and 
modern strain rates is used to argue for constant forcing applied to the plateau 
during post-collisional convergence. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 


A trade-off exists between Ly and é and is shown by a plot of regression values for 
a range of parameter values (Supplementary Fig. 3). Increasing Lo requires a 
corresponding decrease in é. If Lo represents a real value of distance from the plate 
boundary, changes on the order of 500km produce differences in strain rate of 
30%. A best-fit value for Lp and é was determined from a nonlinear regression using 
the Marquardt-Levenberg algorithm in the commercial software SigmaPlot (9.0). 

Measured uncertainties from nonlinear regression to the east and west positions 
independently are smaller (<11%) than the uncertainty when they are considered 
simultaneously (37%), which may reflect small rotations of India or two- 
dimensional variations in rheology such as the Tarim basin (Fig. 2 and 
Supplementary Figs 1 and 2). The plateau geometry and geological history vary 
from west to east, so perhaps it is not surprising that different values are deter- 
mined when the west and east are considered independently. The predicted orogen 
width values based on plate motions are larger than the width of the high, con- 
tiguous plateau terrain alone. Therefore the interpretation of orogen width as a 
measure of bulk shortening length scale requires some inclusion of the less 
deformed regions such as the Tarim and Qaidam basins and concentrated short- 
ening north of these basins in the Tien Shan and Qilian Shan, respectively. I 
speculate that the higher value of average strain rate in the west may represent a 
different average rheology due to the presence of the Tarim Basin in comparison 
with the plateau in the east. Moreover, Lo is greater in the east and smaller in the 
west, and qualitatively the modern width of the plateau matches this asymmetry. 

For western Tibet, Lp ~ 1,100 km includes the distance from the Himalayan range 
front to the northern front of the Tien Shan. Although Oligocene faulting has been 
documented in the Tien Shan, it is uncertain as to whether Eocene-age faulting 
occurred in this region. In far eastern Tibet, Ly ~ 2,000 km includes the region north 
of the plateau that is undergoing eastward motion by extension including the Shanxi 
rift. Lo and strain rate trade off with smaller values of Lo, producing higher strain 
rates. Forcing the eastern data to Lp = 1,900 km, which is roughly the northern limit 
of active thrust faulting and thickened crust in northeastern Tibet, produces a best- 
fit é = 0.0214 + 0.0014 Myr, which is 4% higher than when Ly is not prescribed 
(Fig. 2). It is interesting to note that inclusion of one point before collision (67 Myr 
ago) produces slightly higher values for Lp (10-14%) and lower values for é (7-10%), 
although exclusion of the point at 56 Myr ago produces negligible change in the 
regressed values (<1%). 

A strong lithosphere is supported by comparing the characteristic length scale of 
deformation for a thin viscous sheet in which buoyancy forces are negligible in 
comparison with viscous forces (Ar=0)*° with the observed bulk-strain rate 
values from plate motions (Fig. 3b). Velocity decays exponentially away from 
the plate boundary with a characteristic length scale dependent on the width of 
the indenter (2,000 km for India) and the relationship between stress and strain 
rate. The speed of the indenter divided by this length scale (L) is an estimate of bulk 
strain rate. L is taken as the point at which velocities drop to an arbitrarily low 
value, where I use <5% of the initial 50mm_yr | average speed of the Indian 
indenter, which is roughly equal to the uncertainty in the GPS velocities used here. 


Where stress and strain rate are related by a power-law function with n ~ 2.5-4, 
strain rate values from a thin-sheet approximation agree with observed strain 
rates from plate motions. Values within this range agree with commonly cited n 
values for power-law creep in olivine. Other stress or strain-rate dependent rheol- 
ogies cannot be excluded, but would suggest a particular coincidence in changing 
stress and strain rate during orogen development as to appear constant in time. 
Low values of the Argand number, Ar, for Tibet do not agree with previous values 
that suggest that buoyancy forces significantly contribute to the stress field in and 
around Tibet based on the finite scaling of the plateau”, comparison with modern 
geodetic and Quaternary fault slip data’, or shear wave splitting data*’. However, 
the low Ar may be compatible with seismic evidence for an attached, depleted 
lithosphere beneath the plateau''. 

The text of the legend to Fig. 1 is repeated here with the detailed references 
included. Figure 1 | Plot of Indian plate motion (x(t)) with respect to modern 
topography of the Tibet orogen’. The map shows different generations of faulting 
since approximately collision time (blue, Palaeocene-Eocene; green, Oligocene; 
red, Miocene-recent). Original data references for fault timing are given in the 
data repository. AF, Altyn Tagh fault*’; EK, East Kunlun fault®; GB, Gonjo basin”; 
HB, Hoh Xil basin*'; HF, Haiyuan fault*; JS, Latjie-Jishi Shan”; LMS, Longmen 
Shan*’; LS, Luipan Shan thrust*®; NQS, North Qilian Shan fault*’; NS, Nan Shan”; 
NYB, Nangqian-Yushu basin”; QB, Qaidam basin'®; QNS, Qinghai Nan Shan”; 
QMT, Qimen Tagh”*; SQT, South Qaidam thrust'*; WQ, West Qinling fault'**~”; 
XB, Xining basin”. 
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Circadian rhythms govern cardiac repolarization 
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Sudden cardiac death exhibits diurnal variation in both acquired 
and hereditary forms of heart disease’’, but the molecular basis of 
this variation is unknown. A common mechanism that underlies 
susceptibility to ventricular arrhythmias is abnormalities in the 
duration (for example, short or long QT syndromes and heart 
failure)*° or pattern (for example, Brugada’s syndrome)* of myo- 
cardial repolarization. Here we provide molecular evidence that 
links circadian rhythms to vulnerability in ventricular arrhythmias 
in mice. Specifically, we show that cardiac ion-channel expression 
and QT-interval duration (an index of myocardial repolarization) 
exhibit endogenous circadian rhythmicity under the control of a 
clock-dependent oscillator, kriippel-like factor 15 (KIf15). KIf15 
transcriptionally controls rhythmic expression of Kv channel- 
interacting protein 2 (KChIP2), a critical subunit required for 
generating the transient outward potassium current’. Deficiency or 
excess of KIf15 causes loss of rhythmic QT variation, abnormal repo- 
larization and enhanced susceptibility to ventricular arrhythmias. 
These findings identify circadian transcription of ion channels as 
a mechanism for cardiac arrhythmogenesis. 

Sudden cardiac death from ventricular arrhythmias is the principal 
cause of mortality from heart disease worldwide and remains a major 
unresolved public health problem. The incidence of sudden cardiac 
death exhibits diurnal variation in both acquired and hereditary forms 
of heart disease’”. In the general population, the occurrence of sudden 
cardiac death increases sharply within a few hours of rising in the 
morning, anda second peak is evident in the evening hours’. In specific 
hereditary disorders, for example, Brugada’s syndrome, fatal ventricular 
arrhythmias often occur during sleep’. A common mechanism in both 
acquired and hereditary forms of heart disease that enhances suscept- 
ibility to ventricular arrhythmias is abnormal myocardial repolariza- 
tion’. Clinically, three common types of alterations in myocardial 
repolarization are evident on the surface electrocardiogram (ECG). 
First, prolongation of repolarization is seen in acquired disorders 
(for example, heart failure)’ and congenital disorders (for example, 
long QT syndrome)’. Second, shortening of repolarization is found 
in the short QT syndrome’. Third, early repolarization is the hallmark 
ECG finding in Brugada’s syndrome’. Interestingly, all three modifica- 
tions of repolarization increase vulnerability to ventricular arrhythmias®. 
Despite rigorous investigation of the biophysical and structural char- 
acteristics of ion channels that control myocardial repolarization, the 
molecular basis for the diurnal variation in occurrence of ventricular 
arrhythmias remains unknown. 

Biological processes in living organisms that oscillate with a periodicity 
of 24 hare said to be circadian. This cell-autonomous rhythm is coor- 
dinated by an endless negative transcriptional-translational feedback 


loop, commonly referred to as the biological clock’. Several physio- 
logical parameters in the cardiovascular system such as heart rate, 
blood pressure, vascular tone, QT interval and ventricular effective 
refractory period exhibit diurnal variation’®’. Recent studies have also 
identified a direct role for the biological clock in regulating cardiac 
metabolism, growth and response to injury’*. Previous studies have 
also reported that expression of repolarizing ion channels and ionic 
currents (J,,) exhibit diurnal changes’*. However, a potential link 
between circadian rhythms and arrhythmogenesis remains unknown. 
We made the serendipitous observation that K/f15 expression exhibits 
endogenous circadian rhythmicity in the heart (Fig. 1a). Gene expres- 
sion microarrays in hearts of mice that are deficient in K/f15 led us to 
identify KChIP2 (also called KCNIP2), the regulatory B-subunit for the 
repolarizing transient outward potassium current (J,,) as a putative 
target for this factor in the heart. These observations led us to question 
whether the circadian clock may regulate rhythmic variation in repo- 
larization and alter susceptibility to arrhythmias through KI/f15. 

First, we explored mechanisms through which the circadian clock 
regulated rhythmic expression of K/f15 in the heart. Examination of 
approximately 5kb of the promoter region of K/f15 revealed four 
canonical “E-box’ regions, that is, consensus binding sites for CLOCK 
and its heterodimer BMALI (also called ARNTL), which are essential 
transcription factors involved in the circadian clock (Supplementary 
Fig. 1a, inset). Consistent with this finding, KIf15 luciferase (approxi- 
mately 5 kb) was activated in a dose-dependent manner by the 
CLOCK-BMALI heterodimer (Supplementary Fig. la). To confirm 
this interaction, we performed chromatin immunoprecipitation 
(ChIP) and identified rhythmic variation in BMAL1 binding to the 
KIf15 promoter in the hearts of wild-type mice, but not in the hearts of 
BMALI-null mice (Fig. 1b). In accordance with the observations 
above, the expression of K/f15 was disrupted in Bmall-null, and 
Per2- and Cry1-null hearts (Supplementary Fig. 1b). Thus, our data 
strongly suggest that the circadian clock directly regulates the oscil- 
lation of KIf15 in the heart. 

To determine whether myocardial repolarization and ion-channel 
expression exhibit ‘true’ (endogenous) circadian rhythms—that is, 
oscillate in the absence of external cues such as light—wild-type mice 
were placed in constant darkness for 36h and telemetry-based ECG 
intervals were measured every 2 h for 24 h. Under these conditions, the 
heart rate and the QT interval corrected to heart rate (QTc) were both 
rhythmic and exhibited true endogenous circadian rhythmicity 
(Fig. 1c, d). Next, to examine whether expression of repolarizing ion 
channels had endogenous circadian rhythms, mice were placed in 
constant darkness for 36 h, and hearts were collected every 4 h over 
a 24-h period. The expression of the o-subunit for the transient outward 
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Figure 1 | KIf15 expression, ECG QTc interval 
and expression of repolarizing ion channels 
exhibit endogenous circadian rhythm. a, K/f15 
expression exhibits endogenous circadian variation 
in wild-type (WT) hearts from mice in constant 
darkness (n = 4 per time point). CT, circadian 
time. b, Effect of BMAL1 ChIP on the KIf15 
promoter, showing rhythmic variation in binding 
of BMAL]I to the K/f15 promoter in wild-type 
hearts (n = 3 per group). ¢, Duration of ECG QTc 
interval (ms) in conscious mice exhibits 
endogenous circadian variation in constant 
darkness (n = 4). d, Representative ECGs from 
conscious mice after 36 h in constant darkness at 
CT 0 and CT 12. e, f, Endogenous circadian 
variation in transcripts for Kend2 and KChIP2 in 
wild-type hearts measured every 4 h after 36 h in 
constant darkness (n = 4 per time point). Error 
bars, mean + s.e.m. 


potassium current (J,,), Kv4.2 (encoded by Kcnd2) (Fig. le), and the 
regulatory B-subunit, KChIP2 (Fig. 1f), exhibit endogenous circadian 
rhythmicity, as did components of the circadian clock in the heart 
(Supplementary Fig. 2). In contrast, the expression of two other major 
repolarizing currents in the murine ventricle, Kv1.5 (the «-subunit for 
the ultra-rapid delayed rectifier potassium current) and Kir2.1 (the 
a-subunit for the inward rectifier potassium current), did not reveal 
notable rhythmic variation (Supplementary Fig. 3). In addition, we 
observed a 24-h rhythm in the oscillation of Bmall, KIf15 and 
KChIP2 after serum shock in cultured neonatal rat ventricular myocytes 
(Supplementary Fig. 4). These data indicate that myocardial repolariza- 
tion and the expression of some repolarizing ion channels exhibit an 
endogenous circadian rhythm. 
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Next, to elucidate the role of K/f15 in regulating rhythmic changes 
in repolarization, we used complementary in vivo loss- and gain-of- 
function approaches in mice. For loss-of-function, a previously 
described systemic K/f15-null mouse was used"*; for gain-of-function, 
a cardiac-specific KIf15 transgenic (KIf15-Tg) mouse driven by an 
attenuated «-myosin heavy chain (a-MHC) promoter was developed 
(Supplementary Fig. 5). First, we examined whether rhythmic expres- 
sion of Kend2 or KChIP2 was altered in the K/f15-deficient state. Kend2 
expression exhibited altered rhythmic variation in K/f15-null mice 
with reduced expression at zeitgeber time 6 (ZT6), and increased 
expression at ZT22 compared to wild-type controls (Fig. 2a). KChIP2 
expression was devoid of any discernable rhythm in the K/f15-null mice 
and sustained reduction was observed at all time points (Fig. 2b, c and 


Figure 2 | KIf15 regulates KChIP2 expression in 
the heart. a, Kcnd2 mRNA expression exhibits 
diurnal rhythm in wild-type mice (P = 0.0023), but 
in K/f15-null hearts (P not significant) the rhythm 
is abnormal with reduced expression at zeitgeber 
time 6 (ZT6) and increased expression at ZT22 (n 
= 4 per time point per group). b, KChIP2 mRNA 
expression exhibits no rhythmic variation in K/f15- 
deficient mice (WT, P = 0.016; K/f15-null, P not 
significant), with substantial reductions in 
expression at all time points (n = 4 per time point 
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per group). ¢, KChIP2 protein expression exhibits 
no variation over 12 h in K/f15-null hearts. 

d, e, KIf15-Tg mice hearts express higher levels of 
KChIP2 mRNA and protein. f, Chromatin 
immunoprecipitation with Flag antibody 
illustrating enrichment of Flag—KLF15 on the 
KChIP2 promoter (n = 3 per group). Error bars, 
mean + s.e.m., *P < 0.05. 
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Supplementary Fig. 6a). Next, we examined whether Kend2 or KChIP2 
serve as transcriptional targets for KIf15 in the heart. Adenoviral over- 
expression of K/f15 in neonatal rat ventricular myocytes robustly 
induced KChIP2 expression but had no effect on Kend2 expression 
(Supplementary Fig. 6b). Notably, in KIf15-Tg hearts, expression of 
KChIP2 was twofold greater but with no effect on Kcnd2 expression 
(Fig. 2d, e). Examination of the KChIP2 promoter region revealed 
numerous consensus kritppel-binding sites, that is, C(A/T)CCC (Sup- 
plementary Fig. 7a). The activity of KChIP2 luciferase was induced by 
full-length KLF15 but not by a mutant that lacked the zinc-finger 
DNA-binding domain (Supplementary Fig. 7b). To identify the specific 
KIf15 binding site, deletion constructs of the KChIP2 promoter were 
generated, and transcriptional activity was mapped to the proximal 
555 bases (Supplementary Fig. 7a). Mutation of one kriippel-binding 
site within this region (A1) was sufficient to cause complete loss of 
activity in the full-length KChIP2 promoter (Supplementary Fig. 7c). 
Chromatin immunoprecipitation of Flag-KLF15 from KIf15-Tg hearts 
confirmed that KLF15 was enriched on the endogenous KChIP2 pro- 
moter (Fig. 2f). Importantly, the oscillation of several components of 
the core clock machinery was minimally affected in the KIf15-deficient 
state (Supplementary Fig. 8). In addition, the expression levels of clock 
genes in KIf15-Tg hearts were similar to their controls at ZT6 
(Supplementary Fig. 8). This suggested that the endogenous clock is 
dependent on K/f15 to orchestrate rhythmic changes in KChIP2 
expression. Consistent with this observation, the expression of K/f15 
(Supplementary Fig. 1b) and KChIP2 (Supplementary Fig. 9) were 
altered in a similar fashion in Bmall-null, and Per2- and Cry1-null 
mice. These data support the idea that KChIP2 is a direct transcrip- 
tional target for K/f15 in the heart. 

We next examined whether K/f15-dependent regulation of KChIP2 
could be responsible for rhythmic day-night variation in myocardial 
repolarization. Analysis of telemetry-based ECGs revealed that rhythmic 
QTc interval variation was indeed abrogated in both KIf15-null and 
KIf15-Tg mice (Fig. 3a—d). In the K/f15-deficient state, the ECG QTc 
interval was prolonged in the dark phase and failed to oscillate (Fig. 3a, 
c). This occurred despite K/f15-null mice having similar heart rates to 
their wild-type counterparts (Supplementary Fig. 11). In contrast, the 
KIf15-Tg mice had persistently short QT intervals with no rhythmic 
day-night variation (Fig. 3b, d). Again, this occurred despite minimal 
difference in heart rates when compared to wild-type controls (Sup- 
plementary Fig. 11). Next, we examined whether transient outward 
current (Ji, fast)-dependent changes in repolarization in isolated 
myocytes were responsible for the ECG changes mentioned above in 
Kif15-null and KIf15-Tg mice. In KIf15-null mice, there was a marked 
reduction in J, gst density (Fig. 3e) and prolongation of action potential 
duration (APD) (Fig. 3g). In contrast, KIf15-Tg mice exhibited a sub- 
stantial increase in I, fast density (Fig. 3f) with a dramatic shortening of 
APD (Fig. 3h). In the K/f15-Tg mice, in addition to short QT intervals, 
we observed ST-segment changes indicative of early repolarization that 
are similar to ECG findings in Brugada’s syndrome’ (Fig. 3b, arrows). 
Our data suggest that KIf15-dependent transcriptional regulation of 
rhythmic KChIP2 expression in murine hearts plays a central part in 
rhythmic variation in ventricular repolarization. 

Next, we examined whether excessive prolongation or shortening of 
repolarization could alter arrhythmia susceptibility and survival. KIf15- 
null mice show no spontaneous arrhythmias on ECG telemetry, hence 
we used intracardiac programmed electrical stimulation to examine 
arrhythmia susceptibility. In contrast to wild-type mice, a marked 
increase in occurrence of ventricular arrhythmias was seen in KIf15- 
null mice (Fig. 4a). Notably, KIf15-Tg mice exhibit spontaneous 
ventricular arrhythmias on ECG telemetry (Fig. 4b) and succumb to 
~35% mortality by 4 months of age (three out of eight deaths in K/f15- 
Tg versus no deaths out of eight in wild-type non-transgenic controls, 
data not shown). As the K/f15-null mice show no evidence of overt 
ventricular dysfunction, apoptosis or fibrosis’*’” in the basal state, the 
enhanced susceptibility to arrhythmias is probably primarily driven by 
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Figure 3 | Deficiency or excess of KIf15 modulates rhythmic variation in 
repolarization. a, b, Representative ECGs from wild-type versus K/f15-null 
mice, and wild-type (non-Tg) versus K/f15-Tg mice at ZT2 and ZT 14. Note the 
ST-segment abnormalities in KIf15-Tg mice (arrows). c, QTc interval exhibits 
24-h rhythm in wild-type mice; this rhythm is abrogated with prolonged QTc in 
the dark phase in K/f15-null mice (n = 4 for wild type, n = 4 for K/f15-null). 
d, KIf15-Tg mice exhibit persistently short QT intervals with no day-night 
rhythmic variation compared to wild-type (non-Tg) controls (n = 3 for wild 
type, n = 4 for KIf15-Tg). e, f, Representative outward current recordings from 
all study groups and summary data for the amplitude of I, gs¢ measured at 
60 mV with an average time of decay of 45 + 5 ms (n = 10 for wild type, n = 13 
for KIf15-null; n = 14 for wild type (non-Tg), and n = 19 for KIf15-Tg). 

g, h, Representative ventricular action potentials from all study groups with 
summary data in bar graphs (n = 10 for wild type, n = 13 for K/f15-null; n = 14 
for wild type (non-Tg), and n = 19 K/f15-Tg). Error bars, mean + s.e.m., 

*P < 0.05. APDoo, action potential duration measured at 90% repolarization. 
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Figure 4 | KIf15 deficiency or excess increases susceptibility to ventricular 
arrhythmias. a, Programmed electrical stimulation in wild-type and K/f15-null 
mice. Onset of ventricular tachycardia after premature stimuli is shown 
(arrows) in K/f15-null mice (none of the seven wild-type mice were inducible 
but three of the four K/f15-null mice were inducible; *P < 0.05). b, Spontaneous 
ventricular arrhythmia in K/f15-Tg mice. (none of the four wild-type mice 
exhibited spontaneous arrhythmias but three of the four K/f15-Tg mice 
exhibited ventricular arrhythmias; *P < 0.05). VT, ventricular tachycardia. 


abnormalities in repolarization. Our studies demonstrate that both 
deficiency and excess of K/f15 impair temporal variation in cardiac 
repolarization and greatly increase susceptibility to arrhythmias. 

Although our finding of circadian control of KChIP2 by KIf15 
establishes the principle that circadian rhythms may contribute to 
arrhythmogenesis, we note that K/f15 minimally affects Kcend2 expres- 
sion that also exhibits circadian rhythm (Fig. 1f). However, Kend2 
expression was disrupted in Bmall-null and Per2- and Cry1-null 
hearts, and this is indicative ofa direct regulation by the circadian clock 
(Supplementary Fig. 12). Consistent with this observation, cardio- 
myocytes from Bmall-null mice exhibit marked action potential pro- 
longation due to near-complete elimination of the fast component of 
the transient outward potassium current (Supplementary Fig. 13). This 
raises the possibility that additional factors—perhaps components of 
the circadian clock or unidentified transcriptional regulators—may 
also affect temporal variation in electrophysiological parameters and 
arrhythmogenesis. Future studies in cardiac-specific deletion of clock 
components would be necessary to confirm whether the ion channel 
rhythms are cell autonomous, and their role in regulating cardiac 
electrophysiology. 

Our study provides the first mechanistic link between endogenous 
circadian rhythms and the cardiac electrical instability that is most 
often associated with sudden cardiac death in humans (Supplemen- 
tary Fig. 14). Specifically, we show that K/f15-dependent rhythmic 
transcription of KChIP2 regulates the duration and pattern of repolar- 
ization and susceptibility to arrhythmias in mice. As the occurrence of 
sudden cardiac death in acquired and hereditary forms of human heart 
disease follows a distinct diurnal pattern’’, these observations offer 
new insights into unrecognized triggers of electrical instability in the 
heart. However, in contrast to murine repolarization, which is largely 
dependent on [,,, human repolarization occurs through a complex 
interaction of multiple repolarizing ionic currents. Thus, additional 
studies will be needed to develop a comprehensive understanding of 
the link between the circadian clock and electrophysiological properties 
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of the human heart. Nevertheless, these data may provide a mechanistic 
foundation for future efforts to prevent or treat cardiac arrhythmias by 
modulating the circadian clock through behavioural or pharmaco- 
logical means. 


METHODS SUMMARY 


Mice used in the present study, messenger RNA quantification using polymerase 
chain reaction with reverse transcription (RT-PCR), promoter reporter analysis, 
western immunoblot analysis, chromatin immunoprecipitation, telemetry ECG 
and interval analysis, isolated myocyte studies for action potential or J,, measure- 
ments, in vivo electrophysiological studies for arrhythmia susceptibility, cosinor 
analysis for rhythm assessment, and statistical methods are detailed in the 
Methods. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 


Mice. All animal studies were carried out with permission, and in accordance with, 
animal care guidelines from the Institutional Animal Care Use Committee 
(IACUC) at Case Western Reserve University and at collaborating facilities. 
Wild-type male mice on C57BL6/J background (Jackson Laboratory) were bred 
in our facility and used for circadian studies. Mice were housed under strict light- 
dark conditions (lights on at 6:00 and lights off at 18:00) and had free access to 
standard chow and water, and were minimally disturbed for 4-6 weeks before the 
final experiment. Generation of systemic K/f15-null mice was as described previ- 
ously'®. K/f15-null mice have been backcrossed into the C57BL6/J background for 
over ten generations'* and the BMAL1 mice were bred as previously described”. 
For KIf15-Tg mice, Flag-KLF15 was cloned downstream of an attenuated «-myosin 
heavy-chain promoter as previously described’®. This construct was injected into 
FVB (friend leukemia virus B mouse strain) oocytes, and after germline trans- 
mission the mice were examined for expression of the transgene. Wild-type 
(non-Tg) littermates served as controls. For light-dark experiments, mice were 
killed with CO, inhalation or isoflurane every 4h for 24h. For constant dark 
experiments, mice were placed in complete darkness for 36 h (starting at the end 
of light phase at ZT 12) and hearts were collected every 4h over a 24-h period. 
RNA isolation and RT-PCR analysis: After euthanasia, hearts were collected, 
washed in cold phosphate buffered saline, the atria removed and the ventricles 
dissected to the apical and basal regions, and flash frozen in liquid nitrogen. 
RNA was isolated from the apical regions of frozen heart samples by homogeniza- 
tion in Trizol reagent (Invitrogen) by following the manufacturer’s instructions 
(Invitrogen). RNA was reverse transcribed after DNase treatment (New England 
Biolabs). RT-PCR was performed using locked nucleic acid (LNA)-based TaqMan 
approach with primers and probes designed, and their efficiency tested, at the 
Universal Probe Library (Roche), and with f-actin used as the normalizing gene. 
Cell-culture studies. Neonatal rat ventricular myocytes were isolated from 1-2- 
day-old rat pups and grown under standard conditions'*. Adenoviral overexpres- 
sion was performed for 24h and myocytes were then collected for mRNA and 
protein analysis. For synchronization, the myocytes were starved in media con- 
taining insulin, transferrin and selenium (ITS supplement, Sigma-Aldrich) for 
48h. After this, the myocytes were synchronized with 50% horse serum for 
30 min, washed twice with no-serum media and replenished with ITS-containing 
media. The mouse K/f15 promoter (approximately 5 kb) was cloned into PGL3- 
basic (Promega). The rat KChIP2 luciferase was a gift from P. H. Backx. Mutant 
constructs of rat KChIP2 luciferase were generated by PCR-based TOPO cloning 
(Invitrogen), and site-directed mutagenesis was performed using Quikchange II 
mutagenesis kit (Agilent Technologies) and confirmed by sequencing. K/f15 and 
KCHIP2 luciferase studies were conducted in NIH3T3 cells, and luciferase activity 
was normalized to protein concentration. 

Western immunoblot analysis. For detecting Flag~KLF15, nuclear lysates were 
prepared using the NE-PER kit following manufacturer’s instructions (Thermo 
Scientific) and probed with anti-Flag antibody (Sigma). For KChIP2 analysis, 
whole-cell lysates were prepared by homogenizing the basal regions of the hearts 
in buffer containing Tris-HCl (50mM, pH7.4), NaCl (150mM), NP-40 (1%), 
sodium deoxycholate (0.25%), EDTA (1 mM), and supplemented with protease 
and phosphatase inhibitors (Roche). The blots were probed with a mouse 
monoclonal antibody against KChIP2 (NIH Neuromab), normalized to tubulin 
(Sigma-Aldrich) and quantified using Quantity One software (Bio-Rad). 

ChIP. ChIP was performed with hearts as previously described*’. In brief, hearts 
were fixed with fresh 1.11% formaldehyde for 10 min, and then by chromatin 
preparation and sonication (Diagenode). The sonicated chromatin was immuno- 
precipitated using BMAL1 or Flag antibody bound to Dynabeads (Invitrogen). 
The relative abundance was normalized to abundance of 28S between the input 
and immunoprecipitated samples as previously described”. Primers that were 
used for BMALI ChIP on the KI/f15 promoter were; forward, 5'-GCCTG 
AGCATCCTCCCCATCA-3’; reverse, 5'-GGGGCCACCTCTCTGGACTT-3’; 
and probe, 5’FAM-CCCGCCCAGTGACCATGTCTGCCTGT-3'’BHQ1. Non- 
target primers were; forward, 5'‘-GCCAATTCACATTTCAACCA-3’; reverse, 
5'-GACACAAGGCATTTCAA-3’; and probe, 5’FAM-TGCAAAGGGCTGGA 
CATGGG-3’BHQ]1. Primers that were used for ChIP of Flag-KLF15 on the 
KChIP2 promoter were; forward, 5’-GCTCCGCTCTCACTTGCT-3’; and 
reverse, 5’-GGCTGGCAAGGCTTTTCT-3’. 

Telemetry ECG and interval analysis. Mice were implanted with telemetry 
devices (ETA F20, Data Sciences International) and allowed to recover for at least 
2 weeks. ECGs were recorded from conscious mice continuously in their native 
environment and digital data (PhysioTel, Data Sciences International) were stored 
for future analysis. Owing to rapid changes in the mouse heart rates, a weighted 
heart-rate approach was used to assess rhythmic changes in QT interval, and 
measurements were made every 2h over a 24-h period. First, the average heart 
rate was calculated for each hour by digital tracking of the ECG RR intervals (time 


interval between two consecutive R waves) using the Dataquest analysis software 
(Data Sciences International). Then, during the first instance within each hour 
when the average heart rate was present, the QT interval was measured using 
electronic calipers from two consecutive beats. The QT interval was corrected 
for heart rate using a previously validated formula for conscious mice QT/(RR/ 
100)" (ref, 23). A Cosinor model was applied to assess the 24-h rhythm in QT 
using a sinusoidal regression function and raw data presented in four hourly 
blocks for visualization purposes. 

Electrophysiological studies in myocytes. Murine ventricular myocytes were 
isolated using a standard enzymatic dispersion technique following overnight fast 
as previously described”*. Myocytes were re-suspended in media 199, allowed to 
recover and recordings were conducted within several hours on the same day. The 
conventional whole-cell mode was used to record action potentials and Io. In brief, 
myocytes were bathed in a chamber that was continuously perfused with Tyrode’s 
solution of the following composition (in mmoll~!): NaCl, 137; KCl, 5.4; CaCl, 
2.0; MgSOx, 1.0; glucose, 10; and HEPES, 10 (pH 7.35). Patch pipettes (0.9-1.5 MQ) 
were filled with electrode solution composed of (in mmol!~!): aspartic acid, 120; 
KCL, 20; NaCl, 10; MgCl, 2; and HEPES, 5 (pH 7.3). Action potentials were elicited 
in current-clamp mode by injection of a square pulse of current of 5 ms duration 
and 1.5-2 times the threshold amplitude. APD was measured at 90% repolariza- 
tion. To measure J,,, cells were placed in Tyrode’s solution (as described earlier) 
containing 1 |\M nisoldipine to block calcium current and calcium-activated chlor- 
ide current, and tetrodotoxin (100 umol1l~') to block sodium current. Cells were 
brought from a holding potential of -70 mV to -25 mV for 25 ms. To isolate the 
fast, transient component of the outward currents, Ii, fs the decay phase of 
outward potassium currents was fit by the exponential functions of the form: 


y(t) =A) exp(—t/t1) +A2 exp( —t/t2) + Ass 


where 7; is the time constant of decay of the fast, transient component of outward 
potassium currents; A; is the amplitude coefficient of I, fast; Tz is the time constant 
of decay of the slow, transient component of the outward currents; A, is the 
amplitude of Ito slow; and Ags is the amplitude coefficient of the non-inactivating 
steady-state outward potassium current I,, Consistent with previous studies”, the 
time constant of decay of the fast, transient component I, fast Was 46 + 5 ms. The 
measured current amplitudes were normalized to cell capacitance and converted 
into current densities. All experiments were conducted at 36 °C. Cell capacitance 
and series resistance were compensated electronically at ~80%. Command and 
data acquisition were operated with an Axopatch 200B patch-clamp amplifier 
controlled by a personal computer using a Digidata 1200 acquisition board driven 
by pCLAMP 7.0 software (Axon Instruments). 

Programmed electrical stimulation. Intracardiac programmed electrical stimu- 
lation was performed as previously described”’. In brief, mice were anaesthetized 
using 1.5% isoflurane in 95% O, after an overnight fast. ECG channels were 
amplified (0.1 mV cm ') and filtered between 0.05 and 400 Hz. A computer-based 
data acquisition system (Emka Technologies) was used to record a 3-lead body 
surface ECG, and up to four intracardiac bipolar electrograms. Bipolar right atrial 
pacing and right ventricular pacing were performed using 2-ms current pulses 
delivered by an external stimulator (STG-3008, MultiChannel Systems; 
Reutlingen). Standard clinical electrophysiologic pacing protocols were used to 
determine all basic electrophysiologic parameters. Overdrive pacing, single, 
double and triple extrastimuli, as well as ventricular burst pacing, were delivered 
to determine the inducibility of ventricular arrhythmias, which was tested twice. 
Statistical analysis. A cosinor model was adopted to determine whether there is a 
substantial 24-h rhythm in each physiological and molecular variable of interest. 
By pooling data points of all mice, the model fits data to a fundamental sinusoidal 
function”. To determine the coefficients (amplitude and phase) of the sinusoidal 
function and to see whether there were significant relationships, a mixed model 
analysis of variance was performed using standard least-square regression and the 
restricted maximum likelihood method (JMP 8.0, SAS Institute) as previously 
described’*. Data are presented as mean + s.e.m., the Student’s t-test was used 
for assessing the difference between individual groups and P = 0.05 was consid- 
ered statistically significant. 
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Structural basis for recognition of H3K56-acetylated 
histone H3-H4 by the chaperone Rtt106 


Dan Su!*, Qi Hu", Qing Li’, James R. Thompson’, Gaofeng Cui!, Ahmed Fazly', Brian A. Davies!, Maria Victoria Botuyan’, 


Zhiguo Zhang! & Georges Mer! 


Dynamic variations in the structure of chromatin influence virtually 
all DNA-related processes in eukaryotes and are controlled in part by 
post-translational modifications of histones’*. One such modifica- 
tion, the acetylation of lysine 56 (H3K5é6ac) in the amino-terminal 
a-helix (aN) of histone H3, has been implicated in the regulation of 
nucleosome assembly during DNA replication and repair, and nucleo- 
some disassembly during gene transcription* '°. In Saccharomyces 
cerevisiae, the histone chaperone Rtt106 contributes to the deposi- 
tion of newly synthesized H3K56ac-carrying H3-H4 complex on 
replicating DNA’, but it is unclear how Rtt106 binds H3-H4 and 
specifically recognizes H3K56ac as there is no apparent acetylated 
lysine reader domain in Rtt106. Here, we show that two domains of 
Rtt106 are involved in a combinatorial recognition of H3-H4. An 
N-terminal domain homodimerizes and interacts with H3-H4 
independently of acetylation while a double pleckstrin-homology 
(PH) domain binds the K56-containing region of H3. Affinity 
is markedly enhanced upon acetylation of K56, an effect that is 
probably due to increased conformational entropy of the aN helix 
of H3. Our data support a mode of interaction where the N-terminal 
homodimeric domain of Rtt106 intercalates between the two H3- 
H4 components of the (H3-H4), tetramer while two double PH 
domains in the Rtt106 dimer interact with each of the two 
H3K56ac sites in (H3-H4) . We show that the Rtt106-(H3-H4), 
interaction is important for gene silencing and the DNA damage 
response. 

To understand the mode of action of Rtt106, we characterized its three- 
dimensional (3D) structure and probed its association with histones. 
Rtt106 is modular (Supplementary Fig. 1), consisting of a homodimeric 
N-terminal domain (Rtt106DD; residues 1-42) and a double PH domain 
(Rtt106PH; residues 68-301) linked via a disordered region (residues 43- 
67) (Fig. la, b and Supplementary Figs 2 and 3). The 3D structure of 
Rttl06DD, determined using NMR spectroscopy, shows a previously 
undiscovered fold with each protomer adopting a V-shaped conforma- 
tion consisting of two o-helices separated by a trans-proline residue 
(Fig. la, Supplementary Fig. 3 and Supplementary Table 1). The first 
and second a-helices of each protomer interact with the second and first 
a-helices of the other protomer, respectively, through extensive hydro- 
phobic contacts (Fig. la). The 3D structure of Rttl06PH, determined by 
X-ray crystallography to a resolution of 1.4 A (Fig. 1b and Supplementary 
Table 2), reveals similarity to the structure of Pob3, a protein thought to 
have a role in histone deposition’’ (Supplementary Fig. 4). 

We performed isothermal titration calorimetry (ITC) measure- 
ments to probe the interaction of Rttl06DD-Rttl06PH (residues 
1-301) with the histone H3-H4 complex reconstituted using non- 
acetylated H3 and H3 with an acetyl-lysine analogue chemically 
installed at position 56 (ref. 12). Rttl06 binds both non-acetylated 
and K56-acetylated H3-H4. However, acetylation results in enhanced 
affinity (Fig. 1c). In first approximation, the biphasic curve for the 
interaction of Rttl06 with non-acetylated H3-H4 in Fig. 1c can be 


interpreted as two concurrent binding isotherms in a two-site 
binding model with dissociation constants Kg, = 0.4 + 0.2 1M and 
Kg. = 1.5 + 0.2 uM. Agreeing well with two binding sites, one from 
Rttl06DD and the other from Rttl106PH, Rtt106DD (residues 1-42) 
alone binds H3-H4 in an acetylation-independent manner. ITC data 
are consistent with a one-site binding model with a Ky of 0.6 + 0.1 uM 
(Fig. 1d), close to Kg, above. The reaction stoichiometry indicates that 
Rttl106DD, a dimer, binds two H3-H4 molecules, most likely in the 
form of an (H3-H4), tetramer (Fig. 1d). Binding of Rttl06DD with 
H3-H4 was also demonstrated by NMR spectroscopy (Supplementary 
Fig. 5). 

To interpret the biphasic ITC thermograms for the interaction of 
Rtt106 with K56-acetylated H3-H4, we considered a two-site binding 
model with an activation term that accounts for the effect of acetyla- 
tion. The first dissociation constant Kgj,c = 0.8 + 0.4 UM is similar to 
Ka, (Fig. lc and Supplementary Fig. 6). The second dissociation 
constant, Kazac is 0.08 = 0.06 UM. In comparison to Kg, the apparent 
gain in affinity for Rttl06PH is approximately 15-20-fold. These 
results indicate that the acetylated region of H3 is recognized by 
Rttl06PH but not by Rttl06DD. This was verified by monitoring 
NMR chemical shift perturbations in 'H-'°N heteronuclear single- 
quantum coherence (HSQC) correlation spectra of 1SN-labelled 
Rtt106 (residues 1-67) and Rttl06PH upon titration with a non- 
labelled H3K56ac peptide (residues 51-61) (Fig. 1b). No binding to 
Rtt106 (residues 1-67) was observed upon addition of up to 15 molar 
excess of peptide (data not shown). In contrast, the H3K56ac peptide 
does specifically bind Rtt106PH as demonstrated by marked chemical 
shift changes (Ad = 0.2 p.p.m.) for 38 backbone amide signals of 
Rttl06PH (Fig. le and Supplementary Fig. 7). The affected residues 
are mapped to the second PH domain, specifically at the interface of 
the carboxy-terminal «-helix («5), two underlying B-sheets and the 
flexible tether connecting the two PH domains (Fig. 1b). Noticeably, 
this region differs from the binding sites of previously characterized 
PH domains’ (Supplementary Fig. 8). The Ky for the Rttl06PH- 
H3K56ac peptide interaction is 0.9 + 0.1 mM (Supplementary Fig. 9). 
The markedly reduced affinity compared to that obtained for 
Rttl06DD-Rttl06PH (residues 1-301) and full-length H3-H4 is 
expected because the complete interaction is combinatorial with 
Rttl06DD and Rtt106PH both contacting H3-H4. Rttl06PH by itself 
has limited selectivity towards acetylation with only a twofold decrease 
in affinity for the non-acetylated H3K56 peptide (Kg = 1.9 + 0.4mM). 

How then does K56 acetylation specifically enhance the affinity of 
H3-H4 for Rtt106? Recent biophysical studies have highlighted the 
structural heterogeneity of H3 oN helix in the context of (H3-H4)p, 
suggesting that the structure and dynamics of aN could be readily 
altered by post-translational modifications’. K56, being the 
C-terminal residue of «N, contributes favourably to helical stability 
via charge interaction with the o-helix dipole. Therefore, in neutralizing 
the charge of K56, acetylation may increase the conformational entropy 
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Figure 1 | 3D structures of Rtt106 dimeric and double PH domains and 
their interaction with histones. a, NMR structure of Rtt106 dimeric region 
(residues 1-67) with the hydrophobic residues constituting the dimerization 
interface in stick representation. Two protomers are in blue and green. Residues 
43-67 are disordered and omitted for clarity. b, Crystal structure of Rttl06 
double PH domain (Rtt106PH, residues 68-301) with H3K56ac peptide- 
binding surface in flesh. c, ITC results (top, raw titration data; bottom, 
integrated heat measurements ) for the interaction of Rttl06DD-Rttl106PH 
(residues 1-301) with non-acetylated (H3-H4), (black) and K56-acetylated 
(H3-H4), (red). For the former interaction, a two-site binding model 
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(dissociation constants K4,; and Kg) was used. For the latter, an activation step 
accounting for the effect of acetylation was incorporated in the two-site binding 
model (Kgjac and Kazac). Kas are reported with s.d. determined by nonlinear 
least-squares analysis. The light blue envelop represents simulated data for 
Kazac varying from 0.01 to 0.1 UM and Kayac = 0.4 UM. d, ITC data for the 
interaction of Rttl06DD (residues 1-42) with (H3-H4),. Stoichiometry n and 
Kg are indicated. Data for two mutant forms of Rttl106DD, D7K, E11K and 
E29K, E32K, E33K, are also shown. e, 'H-'°N HSQC spectra of H3K56ac 
peptide-bound (red) versus free (black) Rttl06PH. Perturbed signals are 
labelled on the spectra. 
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Figure 2 | Identification of a K56ac-binding cleft in Rtt106 and model of 
Rtt106 in complex with K56-acetylated (H3-H4)>. a, Binding cleft and the 
side chain of K301 (red) in Rttl06PH and Rtt106PHL. b, Chemical shift 
changes in Rttl06PH ‘H-'°N HSQC spectra upon titration with the H3K56ac 
peptide (from red to purple signals) are compared to the chemical shifts of free 
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Rttl106PHL (black signals) with respect to seven residues in the vicinity of the 
binding cleft. A214, E215, K216 and 1217 belong to the disordered loop adjacent 
to the binding cleft. c, Structural model of Rtt106 (residues 1-301) in complex 
with the (H3-H4), tetramer. Atomic coordinates of (H3-H4)2 are from the 

structure of budding yeast nucleosome core particle (PDB access code 11D3)'*. 
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of aN, favouring interaction with Rttl06. This may be correlated to 
the observed entropy-driven increase in affinity upon acetylation 
(Supplementary Fig. 6). 

In comparison to Rttl106PH (residues 68-301), the crystal structure 
of the longer Rttl06PHL (residues 68-315), with an o-helical exten- 
sion from residues 302 to 311 (Supplementary Fig. 4), reveals a change 
in the conformation of K301 that leads to the identification of a K56/ 
K56ac binding cleft in Rtt106 (Fig. 2a and Supplementary Table 2). Via 
an approximately 180° hinged motion, the side chain of K301 changes 
from being solvent-exposed in the structure of Rttl06PH to being 
partially buried in a cleft that is part of the H3K56ac peptide-binding 
region identified using NMR spectroscopy (Figs 1b, e and 2a). 
Noticeably, the 'H-'°N chemical shifts of several Rttl06PHL residues 
in the vicinity of the K301-occupied cleft match well the end-point 
chemical shifts of corresponding Rttl06PH residues upon titration 
with the H3K56ac peptide (Fig. 2b and Supplementary Fig. 10). 
With only one lysine (K56) in the H3K56ac and H3K56 peptides 
(Fig. 1b), the correspondence in NMR chemical shifts between the 
Rttl06PH-H3K56ac complex and Rttl06PHL strongly suggests that 
the K301-binding cleft is also the binding pocket for acetylated and 
non-acetylated K56. 

The structural difference between Rtt106PH and Rtt106PHL likely 
reflects a dynamic exchange between an open and a closed state of the 
binding site. Consistent with dual states, H3K56ac peptide binding to 
Rttl06PHL occurs, but with lower affinity than for Rttl06PH (Sup- 
plementary Fig. 11). The relatively large crystallographic B-factor 
values for the C-terminal residues of Rttl06PHL (residue 299 and 
onwards) are also consistent with conformational flexibility (Sup- 
plementary Fig. 12). Moreover, in another crystal structure of Rttl06 
(residues 65-320)"*, there is no detectable electron density for residues 
303-320 encompassing the helical extension of Rttl06PHL. Also 
supporting a two-state binding site with the open conformation 
favouring histone binding, four mutations at the C-terminal end of 
Rttl06PH markedly increased Rttl06PH affinity for the H3K56ac 
peptide (for example, Ky = 0.4 + 0.1 mM for K299A, Supplementary 
Table 3). 

To illustrate how Rtt106 may associate with (H3-H4),, we derived a 
structural model of the complex (Fig. 2c). In the model, in which the dyad 
symmetry axes of the Rttl06DD and (H3-H4), structures coincide, 
Rttl06DD is placed in a positively charged cavity formed between 
the two H3-H4 subcomplexes’® and without any contact with the 
region of H3 encompassing K56, in accordance with experimental 
data. Furthermore, we verified by ITC that two different sets of muta- 
tions (D7K and E11K; and E29K, E32K and E33K) that reverse nega- 
tively charged surface areas of Rttl106DD without affecting the 3D 
structure disrupt binding to H3-H4 (Fig. 1d). We also note that 
removal of the dimeric domain renders Rtt106 non-functional in vivo 
(data not shown). In addition, in the model the flexible Rtt106 inter- 
domain linker (residues 43-67) has an appropriate length to position 
Rttl06PH in contact with the K56-containing region of H3. 

The histone-binding surface of Rttl06PH was further validated by 
measuring the affinity of twenty Rttl06PH mutants for the H3K56ac 
peptide (Fig. 3a, Supplementary Table 3, Supplementary Fig. 9 and 
Supplementary Discussion). Several of the mutations that affect bind- 
ing were then incorporated into full-length Rttl06 to assess inter- 
actions with intact histones in vivo. Wild-type and mutant Rtt106 
proteins were produced from budding yeast, isolated by tandem affinity 
purification and probed for association with histones by western blot. 
Whereas histone H3 co-purified with wild-type Rtt106, several surface 
mutations introduced in Rtt106 blocked (Y261A, F269A, Y291A and 
1294A) or diminished (1259A and Q288A) histone binding in vivo 
(Fig. 3b). Also consistent with the in vitro binding data (Fig. 3a and 
Supplementary Table 3), reduced amounts of H3 were detected with 
Rtt106 harbouring the Y297A mutation in the putative K56ac binding 
cleft (Supplementary Fig. 13a). These results indicate that the inter- 
action interface identified in vitro from titration of Rttl06PH with 
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Figure 3 | Effects of Rttl06PH mutations on H3K56ac interaction. 

a, Surface representation of Rttl06PH with the H3K56ac peptide-binding 
region in orange. The upper box represents a mainly hydrophobic area of the 
binding site whereas the lower box highlights the K56/K56ac binding cleft. 
Affinities of Rttl06PH mutants for the H3K56ac peptide were measured and 
Kgs are reported in Supplementary Table 3. Mutated residues that totally 
abolish, decrease, have no effect or enhance binding are labelled in red, blue, 
black and white, respectively. b, Wild-type (WT) and mutant tandem affinity 
purification (TAP)-tagged full-length Rtt106 were purified from yeast cells and 
analysed by western blot using indicated antibodies. CBP, calmodulin-binding 
peptide tag. Rtt106 mutated outside the binding site (T232A) was used as 
control. 


an H3K56ac peptide is important for the proper interaction of 
Rtt106 and H3 in vivo. 

Rtt106 is crucial for heterochromatin silencing in yeast in the 
absence of the Cacl (also known as Rfl2) subunit of CAF-1, another 
histone chaperone implicated in K5é6ac-dependent replication- 
coupled chromatin assembly”. Using the green fluorescent protein 
(GEP) as a reporter in a gene silencing assay'*, we confirmed that there 
was significant loss of silencing of the GFP gene in cacl1Artt106A cells 
(Fig. 4a and Supplementary Fig. 13b). GFP silencing was restored to 
almost the level in control W303-1A cells by expressing wild-type 
Rttl06 but not by expressing Rttl06 mutants (Y261A, F269A, 
Y291A and 1294A) that are highly defective in H3 binding in vivo. 
Expression of Rttl06 mutants (I259A, Q288A and Y297A) that 
showed reduced H3K56ac binding in vivo slightly reduced GFP silen- 
cing in caclArtt106A cells compared to wild-type Rtt106 expression 
(Fig. 4a and Supplementary Fig. 13b). These results show that the 
ability of Rtt106 to contact the K56-containing surface of H3 via the 
double PH domain is important for transcriptional silencing. 

Rtt106 is also critical for maintenance of genomic stability in the 
absence of Cacl (ref. 5). To test if the Rttl06 mutants that showed 
defects in H3 binding in vivo (Fig. 3b and Supplementary Fig. 13a) 
would have increased DNA damage sensitivity, yeast cells harbouring 
wild-type or mutant Rtt106 but lacking Cacl were grown in media 
containing the genotoxic agents methyl methanesulphonate (MMS) or 
camptothecin (CPT). Rtt106 mutants severely defective for H3 inter- 
action were more susceptible to MMS and CPT treatment than wild- 
type or Rttl06 mutants having little or no defect in H3 binding, 
indicating that the ability of Rttl06 to bind H3K5é6ac is connected to 
its role in preserving genomic integrity (Fig. 4b and Supplementary 
Fig. 13c). 
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Figure 4 | Effects of Rtt106 mutations on HMR silencing and genome 
stability. a, Schematic of the GFP-based gene silencing reporter assay. The GFP 
gene (Pyra3-GFP) at the silent mating type locus HMR (hmr::GFP) is controlled 
by the URA3 gene promoter, silencers E and I, and a2 gene. Gene silencing is 
reported as percentage of yeast cells expressing GFP. One representative of 
three independent experiments is shown. Silencing is observed in W303-1A 
control cells, but not in cells lacking the silent information regulator gene SIR3. 
Expression of wild-type (WT) Rtt106 in caclArtt106A cells restores silencing. 
Expression of Rtt106 mutated in the H3K56ac-binding surface does not or only 
partially restores silencing. b, Mutations in the H3 binding sites of Rttl06 
enhance the DNA-damage sensitivity of cacl1d mutant cells. Cells of the 
indicated genotypes were spotted onto media lacking histidine (SCM-HIS) for 
plasmid selection, without or with MMS or CPT for DNA damage assessment. 


In conclusion, our study supports a working model where direct 
binding of Rtt106 to H3K56-acetylated (H3-H4), tetramers contributes 
to nucleosome assembly with implications for DNA replication, gene 
silencing and maintenance of genomic stability. Our findings strongly 
suggest that the preferential association of Rtt106 with acetylated (H3- 
H4), originates primarily from a K56 acetylation-triggered increase in 
conformational entropy of H3 uN. This mode of specific association 
with a modified histone is fundamentally different from that of so-called 
histone mark reader domains”. 


METHODS SUMMARY 


Wild-type and mutant Rtt106 proteins were expressed in Escherichia coli as 
Hisg-fusions and purified by immobilized metal affinity and gel filtration 
chromatography. Purification and reconstitution of H3-H4 followed established 
procedures”. The homogeneous site-specific installation of an acetylated lysine 
analogue (methylthiocarbonyl-thiaLys) in place of H3K56 in H3-H4 was done 
as reported’* (Supplementary Fig. 14). Protein labelling with selenomethionine 
(SeMet) for X-ray crystallography studies and with '°N, '°N/’°C and °N/?°C/?H 
for NMR spectroscopy studies was achieved by growing E. coli cells in SeMet- 
and isotope-enriched media following standard procedures. All proteins were 
crystallized at 15°C. X-ray diffraction data were collected on-site and at the 
Advance Photon Source (APS) synchrotron facility, Argonne National 
Laboratory. NMR experiments were collected at 25°C using a Bruker Avance 
700 MHz spectrometer. The solution NMR structure of Rttl106 (residues 1-67) 
was determined using a simulated annealing-based protocol. Tandem affinity 
purification, gene silencing assays and DNA damage assays were done as 
reported”’”"*, 
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Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Protein preparation. Constructs of Rttl106 encompassing amino acids 1-315, 
1-301 (Rttl06DD-Rttl06PH), 1-67, 1-42 (Rttl06DD), 68-299, 68-301 
Rttl06PH) and 68-315 (Rttl06PHL) were cloned in a modified pET vector 
Novagen) encoding an N-terminal Hisg-tag and a tobacco etch virus (TEV) 
protease cleavage site. The wild-type proteins were overexpressed in Escherichia 
coli BL21(DE3) initially grown in LB broth at 37°C to Deoonm of ~0.8, then 
transferred to 15 °C, and after 45 min, induced by 1 mM isopropyl-f-p-thiogalactoside 
IPTG) for 14 to 18h. The cells were collected by centrifugation and resuspended in 
50 mM sodium phosphate buffer, pH 7.5, 300 mM NaCl and 1 mM phenylmetha- 
nesulphonylfluoride, and lysed using an Emulsiflex C5 high-pressure homogenizer 
Avestin). After centrifugation, the proteins were purified by affinity chromato- 
graphy with Ni?*-loaded NTA resin (Qiagen) according to the manufacturer’s 
recommended protocol. The Hisg-tag was cleaved with TEV protease at 4 °C over- 
night and further purification was performed by size exclusion chromatography 
using preparative Superdex 75 or 200 columns (GE Healthcare). Cleavage of the 
His¢-tag leaves three residues (GHM) at the N terminus of each protein. 

Point mutants of Rttl06 were made following the QuikChange site-directed 
mutagenesis protocol (Stratagene) and were verified by DNA sequencing. All 
mutants were purified as described for the wild-type protein. 

The preparation of isotopically labelled Rtt106 (residues 1-67), Rttl06PH and 
Rtt106PHL followed similar steps as above except that instead of LB broth, M9 
media containing 1g!* ‘"N NH,Cl, 4gl + ['*Ce]-p-glucose and 1g] °N 
Isogro (Isotec) (for N-labelled samples); and Ig]! 'SNH,Cl, 2g)! ['3C,]-D- 
glucose and 1g)? N/PC Isogro (Isotec) (for 1SN/C-labelled samples) were 
used”, The procedure was similar for producing 7H/'°N/"*C-labelled samples but 
with the E. coli cells grown in culture media prepared with 99.9% D30. 

For producing selenomethionine (SeMet)-enriched Rttl06PH and Rttl06PHL, 
a similar protocol as above was used but with protein overexpression in the 
methionine-auxotroph E. coli strain B834(DE3) (Novagen) grown in M9 media 
with SeMet and all amino acids except methionine”. 

The preparation of histones H3 and H4 is based on a published protocol”’. 
Histones H3 and H4 from Xenopus laevis were overexpressed in E. coli BL21 
(DE3) Rosetta pLysS, purified separately under denaturing conditions and then 
combined to reconstitute the (H3-H4), tetramer. For each histone, cells were 
grown at 37°C to Deoonm of 0.6-0.8, induced with 1mM IPTG, collected after 
3h and lysed using an Emulsiflex C5 high-pressure homogenizer (Avestin). After 
centrifugation, the pellet was washed with 1M L-arginine monohydrochloride, 
5mM 2-mercaptoethanol, 10mM Tris-HCl, pH 7.5 three times and with 1M 
L-arginine monohydrochloride, 5 mM 2-mercaptoethanol, 1 M guanidine hydro- 
chloride, 10 mM Tris-HCl, pH 7.5 once. Next, the pellet was dissolved in 10 mM 
dithiothreitol, 7 M guanidine hydrochloride, 20 mM Tris-HCl, pH 7.5 and centri- 
fuged. The supernatant was dialysed several times in water containing 5mM 
2-mercaptoethanol for a period of 3 days and then lyophilized. The lyophilized 
solid was dissolved in 10 mM dithiothreitol, 6 M urea, 20mM Tris-HCl, pH7.5 
(buffer A) and residual solids were spun down. The supernatant was passed 
through a Resource S$ cation exchange column (GE Healthcare) using buffer A 
as running buffer and eluted with a 0 to 1 M NaCl gradient. Resulting solutions of 
H3 and H4 were mixed at equimolar ratio and dialysed in 2 M NaCl, 1 mM EDTA, 
5mM 2-mercaptoethanol, 10 mM Tris-HCl, pH7.5 (refolding buffer). Refolded 
H3-Hé4 was purified by size-exclusion chromatography using a Superdex 200 
column (GE Healthcare) and refolding buffer as the running buffer. 
Incorporation of an acetyl-lysine analogue in H3-H4. For incorporation of an 
acetyl-lysine analogue at position 56 of histone H3, we closely followed a published 
protocol’’. The single cysteine (C110) in histone H3 was replaced by an alanine 
and K56 was replaced by a cysteine. C56 of H3 (K56C, C110A) or H3 (K56C, 
C110A)-Hé4 was alkylated with methylthiocarbonyl-aziridine (MTCA) to generate 
the acetylated lysine analogue methylthiocarbonyl-thiaLys (Supplementary Fig. 14). 

MTCA was prepared as reported previously’’. Briefly, to pre-cooled diethyl 
ether (30 ml) in a round-bottom flask (—80°C, maintained with dry ice and 
acetone), aziridine (100 ul, 1.93 mmol), triethylamine (0.27 ml, 1.93 mmol) and 
methyl chlorothiolformate (0.16 ml, 1.89 mmol) were added with stirring. The 
reaction was allowed to proceed for 3 h before diluting the reaction mixture with 
diethyl ether:H,O (15 ml:10 ml). The mixture was next shaken in a separation 
funnel and the organic layer isolated and washed as follow: 0.01 M HCl (5 ml, 
twice), HO (5 ml, twice) and brine (10 ml, twice). The organic layer was dried over 
anhydrous MgSO, and then concentrated using a rotary evaporator. The product, 
MTCA (100-200 mg yield), was verified by NMR spectroscopy (Supplementary 
Fig. 14). Aziridine was purchased from ChemService. All other chemicals were 
purchased from Sigma-Aldrich. Commercial reagents were used as received 
without further purification. 

Resource S-purified H3 mutant (K56C, C110A) was dialysed extensively in water 
with 5 mM 2-mercaptoethanol and then in water alone. Next, it was lyophilized 


and then dissolved in 100 mM ammonium bicarbonate, pH 8.0, to a final concen- 
tration of ~2 mg ml_*. MTCA was added to a final concentration of 50-200 mM. 
The reaction proceeded for ~200 min at room temperature. The modified product 
was verified by mass spectrometry, lyophilized and subsequently used for recon- 
stitution with H4 as explained above (Supplementary Fig. 14). Alternatively, the 
acetylation reaction was carried out on refolded H3 (K56C, C100A)-H4. After 
purification with Superdex 200, H3 (K56C, C100A)-H4 was dialysed in 100 mM 
ammonium bicarbonate, pH 8.0, 300mM NaCl and concentrated to 2-10 mg 
ml '. 100mM of MTCA was added and the reaction was left at room temperature 
for ~200 min. Acetylated H3-H4 obtained from either method was then exten- 
sively dialysed in the final buffer of 20 mM Tris-HCl, pH 7.5, 100 mM NaCl for ITC 
experiments. 

Isothermal titration calorimetry. Measurements were carried out at 10 °C using 
a VP-ITC titration calorimeter (MicroCal). All proteins were prepared in 20 mM 
Tris-HCl, pH7.5, 100mM NaCl. Rttl06DD, Rttl06 (residues 1-67) or 
Rttl06DD-Rtt106PH (residues 1-301) in the calorimeter injection syringe at 
concentrations ranging from 0.5mM to 0.74mM were delivered as a series of 
5- to 8-p1l injections every 5 min to the reaction cell containing non-acetylated 
or K56-acetylated H3-H4 at concentrations of 20 1M or 30 uM. Measurements 
were paired with control experiments for heat of mixing and dilution. Data were 
analysed with Levenberg— Marquardt nonlinear regression using different models 
programmed in Origin 7.0 and in-house software. Data were also simulated using 
Mathematica (Wolfram Research). 

Crystallization, data collection and structure determination. Crystals of 
SeMet-labelled Rttl06PH were grown at 15°C by vapour diffusion of hanging 
drops by mixing 1 pl of Rttl06PH at 30mgml ' in 20mM HEPES, pH7.5, 
100 mM NaCl, 1 mM dithiothreitol, 10% glycerol with 1 pil of reservoir solution 
containing 4% (v/v) Tacsimate, pH5.0, 12% PEG 3350. The crystals were 
cryoprotected by transfer to reservoir solution supplemented with 20% glycerol 
for 10-15 min, and were quick-frozen in a cryoloop (Hampton Research) with 
liquid nitrogen. 

Single anomalous diffraction data were collected for Rttl06PH at APS 19BM 
beamline, Argonne National Laboratory. Processing of diffraction images and 
scaling of the integrated intensities were performed using HKL3000 (ref. 23). 
Crystals were of the space group C2 with one molecule of Rttl106PH in the asym- 
metric unit and a Matthews coefficient of 2.32 A® Da’ '. The four Se atom positions 
were determined using SHELXD*, followed by density modification with 
RESOLVE” and initial automatic model building using ARP/wARP’’. Model 
correction and refinement were undertaken using the programs COOT” and 
REFMACS (ref. 28). Resolution is 1.4 A. For the Ramachandran geometry, 
91.5% of all dihedral angles are located in most favoured regions and 8.5% in 
additionally allowed regions. 

A complex of Rttl06PH and acetyl-histamine (AHN) was prepared by soaking 
the centred monoclinic crystals of SeMet-labelled Rttl06PH for 5 min in a 1M 
solution of AHN (Sigma) prepared in the mother liquor and by flash-freezing in 
liquid nitrogen. Diffraction data were collected at 100 K using a Rigaku Microfocus 
007 generator and Rigaku R-AXIS IV*~ area detector. Data processing and scal- 
ing of the integrated intensities were performed using HKL2000 (ref. 29). The 
structure was solved by molecular replacement using PHASER” with the crystal 
structure of Rttl06PH as a search model. Model correction and refinement were 
undertaken using the programs COOT” and PHENIX”. Resolution is 1.8 A. For 
the Ramachandran geometry, 92% of all dihedral angles are located in most 
favoured regions and 8% in additionally allowed regions. 

Crystals of SeMet-labelled Rttl06PHL (residues 68-315) were grown at 15 °C 
by hanging drop vapour diffusion after mixing 1 ul of Rttl06PHL at 30 mg ml? in 
20 mM HEPES, pH 7.5, 100 mM NaCl, 1 mM dithiothreitol, 10% glycerol with 1 pl 
of reservoir solution containing 8% (v/v) Tacsimate, pH 5.0, 20% PEG 3350. The 
crystals were cryoprotected as for Rttl106PH above. 

Diffraction data were collected at 100K at the APS 19ID beamline, Argonne 
National Laboratory. Processing of diffraction images and scaling of the integrated 
intensities were performed using HKL3000 (ref. 23). Crystals were of the space 
group P2, with two molecules of Rttl06PHL in the asymmetric unit and a 
Matthews coefficient of 2.86 A* Da '. 

The structure was solved by molecular replacement using PHASER” with the 
crystal structure of Rttl06PH as a search model. Model correction and refinement 
were undertaken using the programs COOT” and PHENIX™. Resolution is 2.6 A. 
For the Ramachandran geometry, 86.8% of all dihedral angles are located in most 
favoured regions and 12.9% in additionally allowed regions. 

NMR spectroscopy. NMR experiments were conducted at 25 °C using a Bruker 
Avance 700 MHz spectrometer equipped with a cryogenic probe. The Rttl06DD, 
Rtt106 (residues 1-67), Rttl06PH and Rtt106PHL protein samples (wild-type and 
mutants) were at concentrations of ~0.6 mM in 20 mM sodium phosphate buffer, 
pH6.9, 30mM NaCl and 5mM dithiothreitol. 95% of backbone carbon and 
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nitrogen resonances of Rttl06PH and 98% of all resonances of Rtt106 (residues 
1-67) were assigned from regular and transverse relaxation-optimized spectro- 
scopy (TROSY)-based experiments” using *H/C/'°N-labelled or '°C/"*N- 
labelled Rtt106 samples. NMR data were processed with NMRPipe/NMRDraw” 
and analysed with SPARKY (Goddard, T. D. & Kneller, D.G., http://www.cgl.ucsf. 
edu/home/sparky/). The solution structure of Rttl106 (1-67) homodimer was 
calculated and refined using the program CNS version 1.2, using a simulated 
annealing protocol for torsion angle dynamics”. A total of 1,150 distance con- 
straints derived from 3D '°N-resolved nuclear Overhauser enhancement spectro- 
scopy (NOESY), 3D '*C-resolved NOESY, 2D NOESY and 2D "°C filtered-edited 
NOESY spectra were used in the structure calculations. Also included were 48 
hydrogen bond distance constraints derived from hydrogen-deuterium exchange 
measurements and NOESY data, and 112 dihedral angles derived from chemical 
shift index analysis of BCy, BCR, 13CO and 'Ho atoms. The 20 lowest energy 
conformers from 200 refined structures were selected to represent the NMR 
ensemble. For the well-folded part of the molecule (residues 6-42), 94.3% of all 
dihedral angles are located in most favoured regions and 5.4% in additionally 
allowed regions of the Ramachandran plot. 

The interactions of non-acetylated histone H3 (H3K56) and H3K56ac (residues 
51-61 for both) peptides with wild-type Rtt106PH were quantified by recording a 
series of 'H-'°N HSQC spectra of '*N-labelled Rttl06PH at increasing concen- 
trations of the peptides. The mutated Rttl106PH proteins were similarly titrated 
with the H3K5é6ac peptide. The dissociation constants (Kgs) were estimated from 
the NMR chemical shift perturbations of five to eight non-overlapping 'H-'°N 
resonances by nonlinear least-squares fitting of the following equation: 


Ab _osi(14™4m i+ Kim ; 4M 
Adinax Cp Cp 


where M is the molar ratio of H3K56 or H3K56ac peptide to Rttl06PH, C,, the 
concentration of Rttl06PH and Ao, the normalized chemical shift change calcu- 


lated as: 
Ad =4/ (dyn)? + (On) 


where dyn and dy denote the amide hydrogen and nitrogen atoms chemical shift 
differences, respectively, between the free and peptide-bound states for Rttl06PH. 
A6bmax is the normalized difference in chemical shifts of the free and peptide- 
saturated Rttl06PH. 

Molecular illustrations. Molecular illustrations were prepared with PyMOL 
(http://www.pymol.org/) and MOLMOL”*. 

Yeast strains, plasmids and antibodies. All budding yeast strains used in this 
study were derived from the parental W303 background strain (Jeu2-3, ura3-1, 
his3-11, trp1-1, ade2-1, can1-100) and are listed in Supplementary Table 4. Rtt106 
constructs were tagged at their C termini with the tandem affinity purification 
(TAP) tag according to published procedures”*. Full-length Rtt106 containing its 
endogenous promoter and its C-terminal TAP tag was cloned into pRS313 vector 
and the resulting plasmid was used as a template to make Rtt106 mutants using the 
QuikChange site-directed mutagenesis kit (Stratagene). Mutant strains were con- 
structed in the W303 background strain by standard yeast cloning methods”. 
Antibodies used in this study were produced as described previously”*. 
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Binding of Rtt106 with H3 in yeast cells using tandem affinity purification. 
To test the effect of Rttl06 mutations on H3 binding, wild-type and mutant 
Rtt106 proteins were purified from yeast cells using the TAP tag procedure and 
co-purified proteins were detected by western blotting with antibodies against 
calmodulin-binding peptide (CBP) and histones H3 and H3K56ac as described 
previously’. 

Assay for silencing at the HMR locus using the GFP reporter. The silencing 
assay was performed as described previously’’. Briefly, exponentially growing 
wild-type or mutant cells were collected, washed with PBS, resuspended in 
SCM-TRP media, and analysed by flow cytometry. 

Assay for the sensitivity towards DNA-damaging agents. To analyse the 
sensitivity of cac1A yeast cells harbouring wild-type or mutant Rtt106 to different 
DNA-damaging agents, tenfold serial dilutions of freshly grown yeast cells were 
spotted onto selective media SCM-HIS containing different concentrations of 
methyl methanesulphonate (MMS: 0.001, 0.005 and 0.01% (v/v)) or camptothecin 
(CPT: 0, 1, 2.5 and 5 pg ml '), Plates were incubated at 30 °C for 3 days and then 
photographed. 
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Unresponsiveness of colon cancer to BRAF(V600E) 
inhibition through feedback activation of EGFR 
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Inhibition of the BRAF(V600E) oncoprotein by the small-molecule 
drug PLX4032 (vemurafenib) is highly effective in the treatment of 
melanoma’. However, colon cancer patients harbouring the same 
BRAF(V600E) oncogenic lesion have poor prognosis and show 
only a very limited response to this drug’ *. To investigate the cause 
of the limited therapeutic effect of PLX4032 in BRAF(V600E) 
mutant colon tumours, here we performed an RNA-interference- 
based genetic screen in human cells to search for kinases whose 
knockdown synergizes with BRAF(V600E) inhibition. We report 
that blockade of the epidermal growth factor receptor (EGFR) 
shows strong synergy with BRAF(V600E) inhibition. We find in 
multiple BRAF(V600E) mutant colon cancers that inhibition of 
EGER by the antibody drug cetuximab or the small-molecule drugs 
gefitinib or erlotinib is strongly synergistic with BRAF(V600E) 
inhibition, both in vitro and in vivo. Mechanistically, we find that 
BRAF(V600E) inhibition causes a rapid feedback activation of 
EGFR, which supports continued proliferation in the presence of 
BRAF(V600E) inhibition. Melanoma cells express low levels of 
EGFR and are therefore not subject to this feedback activation. 
Consistent with this, we find that ectopic expression of EGFR in 
melanoma cells is sufficient to cause resistance to PLX4032. Our 
data suggest that BRAF(V600E) mutant colon cancers (approxi- 
mately 8-10% of all colon cancers”*”), for which there are currently 
no targeted treatment options available, might benefit from com- 
bination therapy consisting of BRAF and EGFR inhibitors. 
Activating mutations in the BRAF oncogene (BRAF(V600E)) are 
seen in some 70% of primary melanomas®, some 10% of colorectal 
cancers’ and some 30-70% of papillary thyroid carcinoma*”®. 
However, clinical responses to the highly selective small-molecule 
inhibitor of the BRAF(V600E) oncoprotein, PLX4032, differ widely, 
ranging from a response rate of approximately 80% in melanoma to 
only 5% in BRAF mutant colorectal cancer**. To investigate the 
molecular mechanism responsible for the intrinsic resistance of 
BRAF(V600E) colorectal cancers (CRCs) to PLX4032, we first tested 
a panel of BRAF(V600E) mutant melanoma and CRC cell lines for 
their response to PLX4032. We found that the sensitivity of melanoma 
and CRC cells in both short-term (Fig. 1a) and long-term (Fig. 1b) 
proliferation assays in vitro mirrors the clinical experience, with 
melanoma cells being more sensitive to PLX4032 than CRC cells. 
RNA interference (RNAi) genetic screens have been used successfully 
to identify genes that enhance a phenotype'’. We therefore set out to 
screen a short hairpin RNA (shRNA) library representing the full 
complement of 518 human kinases’* (the ‘kinome’) and 17 additional 
kinase-related genes (Supplementary Table 1) for genes whose inhibi- 
tion confers sensitivity to PLX4032 in BRAF(V600E) mutant CRC cells. 
WiDr cells were infected with the lentiviral kinome shRNA collection 
and cultured in the absence or presence of PLX4032 for 10 and 18 days, 
respectively. After this, the relative abundance of shRNA vectors was 


determined by next generation sequencing of the barcode identifiers 
present in each shRNA vector (Fig. 1c; see Methods). We arbitrarily 
considered only shRNA vectors that had been sequenced at least 300 
times and which were depleted at least fivefold by the drug treatment. 
Figure 1d shows that only very few of the 3,388 shRNA vectors in the 
library met this stringent selection criterion, among which were three 
independent shRNA vectors targeting the EGFR (see Supplementary 
Table 2 for all selected shRNAs). This suggested that suppression of 
EGFR synergizes with BRAF inhibition in these CRC cells. To validate 
this finding, we infected WiDr cells with each of these three EGFR 
shRNA vectors (all of which reduced EGFR levels; Fig. 1f) and cultured 
these cells with or without PLX4032 for 2 weeks. Figure le shows that 
inhibition of EGFR does not significantly affect proliferation of EGFR in 
WiDr cells, consistent with the clinical observations that KRAS or BRAF 
mutant CRC cells do not respond to EGFR-targeted monoclonal anti- 
bodies”!*"*. In contrast, suppression of EGFR in combination with 
PLX4032 caused a marked inhibition of proliferation in WiDr cells 
(Fig. le). This suggested that BRAF(V600E) mutant CRC cells are 
responsive to treatment with a combination of BRAF inhibitor plus 
an EGFR inhibitor. 

At present, two classes of anti-EGFR drugs are clinically available; 
these include the monoclonal antibodies cetuximab and panitumumab, 
and the small-molecule kinase inhibitors gefitinib and erlotinib. We 
found that three BRAF mutant CRC cell lines (WiDr, VACO432 and 
KM20) all lack a significant response to monotherapy with PLX4032, 
cetuximab or gefitinib. However, strong synergy was seen when 
PLX4032 was combined with either cetuximab or gefitinib (Fig. 2a 
and Supplementary Fig. 1A, C) or erlotinib (data not shown), consistent 
with the notion derived from the shRNA screen that EGFR inhibition is 
required to elicit a response to BRAF inhibition in CRC cells. 

To address the molecular mechanism underlying the synergy 
between BRAF and EGFR inhibition in colon cancer, we tested lysates 
of drug-treated cells with phosphoprotein-specific antibodies that 
identify the activated state of components of the EGFR signalling 
pathway. To our surprise, we observed that treatment of all three 
BRAF mutant CRC cell lines with PLX4032 resulted in a strong 
increase in Tyr 1068 phosphorylation of EGFR, which reflects activa- 
tion of the receptor (Fig. 2b and Supplementary Fig. 1B, D). This 
observation suggests that a powerful feedback activation of EGFR is 
elicited by BRAF inhibition. This feedback activation is ligand- 
dependent, as it does not take place in the absence of serum growth 
factors (Supplementary Fig. 2B). Co-treatment of these cells with a 
combination of PLX4032 and either cetuximab or gefitinib prevented 
this feedback activation of EGFR. PLX4032 treatment inhibited MEK 
and ERK activation downstream of BRAF but activated AKT, which 
acts downstream of EGFR in a pathway parallel to BRAF. We note 
that in all three cell lines treatment with BRAF and EGER inhibitors 
caused a more complete inhibition of AKT, MEK and ERK signalling 
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Figure 1 | EGFR inhibition confers sensitivity to BRAF(V600E) inhibition 
in colon cancer. a, b, CRC but not melanoma cells harbouring the 
BRAF(V600E) mutation are resistant to PLX4032 treatment. a, Short-term 
growth-inhibition assay ofa cell line panel consisting of CRC (VACO432, SNU- 
C5, HT29, KM20 and WiDr) and melanoma (A375) cells. Cells were treated 
with increasing concentrations of PLX4032 for 72h, and cell viability was 
determined using CellTiter-Blue by measuring the absorbance at 540 nm ina 
microplate reader. Error bars show data + standard error. Means were derived 
from four replicates (n = 4). b, Long-term colony formation assay of CRC 
(VACO432, KM20 and WiDr) and melanoma (A375) cells. Cells were grown in 
the absence or presence of PLX4032 at the indicated concentrations for 10-14 
days. For each cell line, all dishes were fixed at the same time, stained and 
photographed. c, Schematic outline of the ‘dropout’ RNAi screen for enhancers 
of PLX4032 sensitivity. Human TRC kinome shRNA library polyclonal virus 
was produced to infect WiDr cells, which were then left untreated (control) for 
10 days or treated with 1 uM PLX4032 for 18 days. After selection, shRNA 
inserts from both populations were recovered by polymerase chain reaction 
(PCR) and identified by deep sequencing (deepseq). d, Representation of the 
relative abundance of the shRNA barcode sequences from the shRNA screen 
experiment depicted in c. The y axis shows enrichment (relative abundance of 
PLX4032 treated/untreated) and the x axis shows intensity (average sequence 
reads in untreated sample) of each shRNA. Among the 22 top shRNA 
candidates (more than fivefold depleted by PLX4032 treatment and more than 
300 reads in the untreated condition (as indicated by the red dashed lines), three 
independent shEGFR vectors (in red) were identified. e, f, Three independent 
shRNAs targeting EGFR enhance response to PLX4032. e, The functional 
phenotypes of non-overlapping shEGFR vectors are indicated by colony 
formation assay in 1 1M PLX4032. The pLKO vector was used in the control 
experiment (Ctrl). The cells were fixed, stained and photographed after 14 days. 
f, The level of knockdown of EGER by each of the shRNAs was measured by 
examining the EGFR protein levels by western blotting. 


as compared to PLX4032 monotherapy, providing a rationale for 
the observed synergy in growth assays (Fig. 2b and Supplementary 
Fig. 1B, D). 

To begin to address how inhibition of BRAF(V600E) causes activa- 
tion of EGFR, we treated all three BRAF mutant CRC cells with the 
selective MEK inhibitor AZD6244. Figure 2c shows that this drug 
activated EGFR (as judged by phosphorylated EGFR, p-EGFR) to 
the same extent as PLX4032, indicating that MEK acts downstream 
of BRAF to mediate the feedback regulation of EGFR. Consistent with 
this, we observed that expression of an active mutant of MEK (MEK- 
DD) in WiDr or VACO432 cells prevented the activation of EGFR by 
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Figure 2 | Functional and biochemical interaction between BRAF and 
EGER inhibition in colon cancer. a, Synergistic response of WiDr cells to the 
combination of EGFR and BRAF(V600E) inhibitors. WiDr cells were cultured 
in increasing concentrations of BRAF inhibitor PLX4032 alone, EGFR 
inhibitors cetuximab (1.25 mg ml!) or gefitinib (0.125 .M) alone, or their 
combinations. The cells were fixed, stained and photographed after 18 days. 
b, Resistance to BRAF(V600E) inhibition in WiDr cells is mediated through 
feedback activation of EGFR. Biochemical responses of WiDr cells treated with 
PLX4032, cetuximab or gefitinib, or their combinations, were documented by 
western blot analysis. Cells were harvested at 6h after drug treatment. 
BRAF(V600E) inhibition results in strong upregulation of Tyr 1068 p-EGFR 
and Ser 473 phosphorylated-AKT (p-AKT), which is abrogated by EGFR 
inhibitors. Furthermore, combination treatments result in complete inhibition 
of phosphorylated MEK (p-MEK) and phosphorylated ERK (p-ERK). Heat 
shock protein 90 (HSP90) served as a control. c, d, MEK acts downstream of 
BRAF to mediate the feedback regulation of EGFR in BRAF mutant CRC cells. 
c, MEK inhibitor activates p-EGFR to the same extent as PLX4032. Activation 
of EGFR in WiDr, VACO432 and KM20 cells treated with PLX4032 or 
AZD6244 for 6 h was analysed by western blot. d, MEK-DD prevents the 
activation of EGFR by PLX4032. Western blot analysis of EGFR in WiDr cells 
expressing pBabe-PURO (pBp) vector control or MEK-DD treated with 
PLX4032 for 1 h. e, Western blot analysis showing that suppression of CDC25C 
by two independent shRNA vectors results in elevated levels of p-EGFR in 
WiDr cells. f, PLX4032 treatment leads to a reduced activation of CDC25C. 
Feedback regulation of CDC25C and EGFR in VACO432 cells treated with 
PLX4032 for 1h were documented by western blot analysis. 


PLX4032 (Fig. 2d and data not shown). In agreement with a central 
role for MEK in mediating the feedback activation of EGFR, the com- 
bination of MEK and EGFR inhibitors also synergized to inhibit 
growth of VACO432 or WiDr cells (Supplementary Fig. 3 and data 
not shown). It is unclear how MEK inhibition leads to activation of 
EGFR through increased phosphorylation of Tyr 1068. It has been 
shown in Xenopus that ERK kinase can phosphorylate Cdc25c on 
several residues, including Thr 48, leading to activation of its phosphatase 
activity’. Moreover, Cdc25A can bind to and dephosphorylate 
EGFR"®. We therefore began by investigating a potential role of 
CDC25C in the activation of EGFR. We suppressed CDC25C in 
WiDr cells by shRNA and monitored levels of p-EGFR. We found that 
two independent shCDC25C vectors caused an increase in p-EGFR 
(Fig. 2e). Moreover, treatment of WiDr cells with PLX4032 inhibited 
phosphorylation of CDC25C at Thr 48 (Fig. 2f), which has been shown 
to be required for its phosphatase activity’’. Together, these data are 
consistent with a model in which BRAF inhibition leads to inhibition of 
MEK and ERK kinases, which in turn leads to a reduced activation of 
CDC25C. Inhibition of CDC25C in turn causes an increase in p-EGFR 
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due to decreased dephosphorylation (Fig. 2e). Our data do not exclude 
the related CDC25A, CDC25B, or other phosphatases being involved 
in this feedback regulation of EGFR. 

The EGER is expressed primarily in epithelial cancers’’. Because 
melanomas are derived from the neural crest, we reasoned that the 
favourable response of melanomas to PLX4032 might result from 
the paucity of EGFRs on these tumours and hence the absence of 
the feedback activation of EGFR by BRAF inhibition. We compared 
EGFR expression in a panel of BRAF(V600E) mutant melanoma, 
colon cancer and thyroid cancer cells. Melanoma cell lines indeed 
express low levels of EGFR (Fig. 3a and data not shown). Of the ten 
colorectal cancer cell lines examined, eight express much higher levels 
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Figure 3 | Correlation between EGFR levels and response to BRAF 
inhibition in melanoma and CRC. a, Western blot analysis of p-EGFR and 
EGER levels in a panel of BRAF(V600E) mutant cell lines from melanoma, CRC 
and thyroid cancer. HSP90 served as a control. b, High levels of EGFR 
expression in tumour types harbouring BRAF(V600E) mutations correlate 
with PLX4032 resistance. Short-term growth-inhibition assays of a cell line 
panel consisting of thyroid cancer (HTC-C3 and 8505C), CRC (OXCO-1, 
COLO741 and WiDr) and melanoma (A375) cells. Cells were treated with 
increasing concentrations of PLX4032 for 72h, and cell viability was 
determined using CellTiter-Blue by measuring the absorbance at 540 nm ina 
microplate reader. Error bars show data + standard error. Means were derived 
from four replicates (n = 4). c, Long-term colony formation assay of thyroid 
cancer (8505C), CRC (OXCO-1, COLO741 and WiDr) and melanoma (A375) 
cells. Cells were grown in the absence or presence of PLX4032 at the indicated 
concentrations for 10-14 days. For each cell line, all dishes were fixed at the 
same time, stained and photographed. d, Ectopic EGFR expression confers 
resistance to PLX4032, but not to the combination of PLX4032 and gefitinib in 
A375 melanoma cells. A375 cells expressing pBabe-PURO (pBp) vector control 
or EGFR were cultured in PLX4032 (5 uM), gefitinib (2.5 1M) or their 
combination. The cells were fixed, stained and photographed after 7 (untreated 
or gefitinib) or 9 (PLX4032 alone or in combination with gefitinib) days. 

e, Western blot analysis of p-EGFR and total EGFR levels in cells described 
above. HSP90 served as a control. f, Synergistic response of thyroid cancer 
HTC-C3 cells to the combination of EGFR and BRAF(V600E) inhibitors. 
HTC-C3 cells were cultured in increasing concentrations of PLX4032 alone, 
cetuximab (1.25 mg ml ') or gefitinib (2.5 ,1M) alone, or their combinations. 
The cells were fixed, stained and photographed after 18 days. 
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of EGFR, but in two (COLO-741 and OXCO-1) EGFR levels were as 
low as those seen in melanoma. All three thyroid cancer cell lines 
expressed EGFR at significant levels (Fig. 3a). When we tested the 
two EGER!” CRC cell lines for their response to PLX4032, we found 
them to be almost as sensitive as the melanoma cell line A375 in both 
short-term assays (Fig. 3b) and long-term assays (Fig. 3c), consistent 
with the notion that EGFR levels determine the response to small- 
molecule BRAF inhibition. Thyroid cancer cell lines, which express 
high levels of EGFR, also responded well to the combination of 
gefitinib and PLX4032, but not to PXL4032 monotherapy (Fig. 3b, 
c, f and Supplementary Fig. 5). Finally, we tested whether ectopic 
expression of EGFR was sufficient to confer resistance to PLX4032 
in melanoma cells. We transduced EGFR-negative A375 and SK- 
MEL-28 melanoma cells with a retroviral EGFR expression vector 
and subjected these cells to treatment with PLX4032 monotherapy 
or combination with the EGFR inhibitor gefitinib. Figure 3d, e and 
Supplementary Fig. 4 show that expression of EGFR conferred resist- 
ance to PLX4032, but these cells still responded well to the combination 
of PLX4032 with gefitinib. Together, these data indicate that EGFR 
levels in BRAF mutant CRC, melanoma and thyroid cancer cells are a 
key determinant of response to BRAF inhibitor monotherapy. 
Synergistic anticancer effects of drugs can result from an effect on 
cell proliferation, cell death, or both. Induction of cell death is 
preferred to prevent the re-growth of the tumour after the therapy 
has been terminated. We measured induction of programmed cell 
death (apoptosis) by measuring the induction of cleaved poly(ADP- 
ribose) polymerase (PARP), a hallmark of apoptosis'®. Neither 
PLX4032 nor EGER inhibitors alone induced PARP cleavage in WiDr 
or VACO cells. However, the two drugs combined did induce marked 
PARP cleavage, indicative of apoptosis induction (Fig. 4a, b). This 
suggested that BRAF and EGFR inhibition should also be synergistic 
when combined in vivo. To test this, we used immunodeficient mice 
xenografted with human WiDr and VACO432 CRC tumours. Ten days 
after injection of tumour cells, palpable tumours were present in all 
animals, and cohorts of mice were treated with vehicle, the EGFR- 
targeted drugs cetuximab or erlotinib, the BRAF inhibitor PLX4720 
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Figure 4 | EGFR and BRAF(V600E) inhibitors synergize to induce 
apoptosis of CRC cells and to suppress CRC tumour growth in a xenograft 
model. a, b, Combination of EGFR and BRAF(V600E) inhibitors leads to 
apoptosis in CRC cells. Western blot analysis of full-length PARP or cleaved 
PARP (cl. PARP) in WiDr (a) and VACO432 (b) cells treated with PLX4032, 
gefitinib or erlotinib, or their combinations. Cells were harvested at 48 h after 
drug treatment. c, d, EGFR inhibitor cetuximab in combination with 
BRAF(V600E) inhibitor PLX4720 significantly suppresses tumour growth in 
two different xenograft models. WiDr (c) and VACO423 (d) cells were grown 
as tumour xenografts in NOD-SCID mice. After tumour establishment (200- 
250 mm’), mice were treated with vehicle, cetuximab (40 mg kg”), PLX4720 
(50 mgkg *) or cetuximab (40 mg kg” ') plus PLX4720 (50 mgkg_'), for 14 
days. Mean tumour volumes + standard error of the mean are shown (n = 6 
mice per group). 
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(highly related to PLX4032, but easier to formulate for in vivo use), or the 
combination of EGFR inhibitor drug plus PLX4720 (see Methods). 
Figure 4c, d shows that treatment of mice with either PLX4720 or 
cetuximab monotherapy resulted in marginal growth inhibition. In 
contrast, the combination of cetuximab and PLX4720 elicited a potent 
growth inhibition of WiDr and VACO432 CRC tumours. Similarly, 
WiDr xenografted mice treated with the combination of erlotinib and 
PLX4720 derived significantly more benefit than those treated with 
either drug alone, mirroring the observations made in vitro (Supplemen- 
tary Fig. 6). 

Our data provide a strong rationale for a clinical trial combining 
BRAF and EGFR inhibitors in BRA F( V600E) mutant CRCs, which have 
a very poor clinical outcome and for which no targeted therapeutic 
strategies are effective after failure of standard chemotherapeutic 
regimens~”. At first glance, it would seem counterintuitive to consider 
treating a BRAF mutant colon cancer with an EGFR inhibitor, as 
multiple clinical studies in colon cancer have shown that EGFR inhibi- 
tion is without clinical benefit when either KRAS or BRAF is mutated 
downstream of EGFR”'*"*. The strong synergistic interaction between 
inhibition of BRAF and EGFR described here is explained by an 
unexpected and powerful feedback activation of EGFR caused by 
BRAF inhibition, providing a rationale for the poor clinical response 
of BRAF(V600E) mutant colon cancers to PLX4032 monotherapy’. 
The feedback activation of EGFR also implies that EGFR expression 
levels may be a clinically useful biomarker to predict the response to 
PLX4032 monotherapy in BRAF mutant tumours. As BRAF (V600E) 
mutations are also common in thyroid papillary carcinomas and 
hairy-cell leukaemias, EGFR expression levels may also help guide 
the selection of EGFR combination therapy in these cancers*'*””. 
As some studies have shown EGFR expression in a subset of melano- 
mas”, (acquired) EGFR expression may also explain some of the 
clinical resistance against PLX4032 in melanoma. 

There are a plethora of targeted drug agents in late-stage clinical 
development for the treatment of cancer. Given that resistance to 
monotherapy with these targeted therapies often develops rapidly, 
there is a trend towards combining targeted agents in clinical trials. 
However, the number of possible combinations of these agents seems 
endless. Our results highlight the power of ‘synthetic lethality’ genetic 
screens to identify which combinations of pathway inhibition are par- 
ticularly effective. As such, these screens may help prioritize which 
combination therapies have the highest likelihood of being successful 
in the clinic. 


METHODS SUMMARY 

Pooled ‘dropout’ shRNA screen. A kinome shRNA library targeting the full 
complement of 518 human kinases and 17 kinase-related genes was constructed 
from the The RNAi Consortium (TRC) human genome-wide shRNA collection 
(TRC-Hs1.0). The kinome library was used to generate pools of lentiviral shRNA 
to infect WiDr cells. Cells stably expressing shRNA were cultured in the presence 
or absence of PLX4032. Massive parallel sequencing was applied to determine the 
abundance of shRNA in cells. shRNAs prioritized for further analysis were selected 
by the fold depletion caused by PLX4032 treatment. 

Mouse xenografts and in vivo drug studies. All animal procedures were 
approved by the Ethical Commission of the Institute for Cancer Research and 
Treatment and by the Italian Ministry of Health. WiDr cells were injected sub- 
cutaneously into the right posterior flanks of 7-week-old immunodeficient NOD- 
SCID female mice (6 mice per group; Charles River). Tumour formation was 
monitored twice a week, and tumour volume based on caliper measurements 
was calculated by the modified ellipsoidal formula: tumour volume = 2 length 
x width (ref. 2). When tumours reached a volume of approximately 200- 
250 mm’, mice were randomly assigned to treatment with vehicle or drug(s). 
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Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Cell lines and reagents. A375,SW1417 and HEK293T cells were from the laboratory 
collection of R.B. SK-MEL-28 cells were a gift from D. Peeper. BHT-101 and HTC- 
C3 cells were purchased from Deutsche Sammlung von Mikroorganismen und 
Zellkulturen GmbH (DMSZ), Germany. These cells were cultured in DMEM 
supplemented with 8% FCS and 1% penicillin/streptomycin. WiDr and HT-29 
cells were purchased from American Type Culture Collection (ATCC). VACO432, 
KM-20, SNUC5, OUMS23 and LIM2405 cells were from the laboratory collection 
of A. Bardelli. HTC-C3, 8508C and BHT-101 cells were purchased from DMSZ. 
These cells were cultured in RPMI supplemented with 8% FCS and 1% penicillin/ 
streptomycin. 

PLX4032 (catalogue no. $1267), PLX4720 (catalogue no. $1152) and gefitinib 
(catalogue no. $1025) were purchased from Selleck Chemicals. Erlotinib (catalogue 
no. RP01332e) was purchased from Sequoia Chemicals. Cetuximab was obtained 
from the Hospital Pharmacies at The Netherlands Cancer Institutes and from the 
Institute for Cancer Research and Treatment. 

The TRC human genome-wide shRNA collection (TRC-Hs1.0) was purchased 
from Open Biosystems. Further information is available at http://www. broadinstitute. 
org/rnai/public/. 
shRNA ‘dropout’ screen with a custom TRC kinome library. Lentiviral plasmids 
(pLKO.1) encoding shRNAs that target kinome candidates are listed in Sup- 
plementary Table 1. The kinome library consists of seven plasmids pools 
(TK1-TK7). Lentiviral supernatants were generated as described at http:// 
www.broadinstitute.org/rnai/public/resources/protocols. WiDr cells were infected 
separately by the seven virus pools (multiplicity of infection <1) and selected with 
puromycin (21g ml‘) for cells expressing integrated shRNA. Cells were then 
pooled and plated at 300,000 cells per 15cm dish in the absence or presence of 
1 uM PLX4032 (five dishes for each condition) and the medium was refreshed 
twice per week for 18 days. Genomic DNA was isolated as described*!. shRNA 
inserts were retrieved from 8 jig genomic DNA by PCR amplification (PCR1 and 
PCR2, see below for primer information) using the following conditions: (1) 98 °C, 
30s; (2) 98 °C, 10; (3) 60 °C, 20s; (4) 72 °C, 1 min; (5) to step (2), 15 cycles; (6) 
72°C, 5 min; (7) 4 °C. Indexes and adaptors for deep sequencing (Illumina) were 
incorporated into PCR primers. 2.5 pl of PCR1 products were used as templates for 
PCR2 reaction. PCR products were purified using Qiagen PCR purification Kit 
according to the manufacturer’s manual. Sample quantification was performed by 
BioAnalyzer to ensure samples generated at different conditions were pooled at the 
same molar ratio before analysis by the Illumina genome analyser. 

The shRNA stem sequence was segregated from each sequencing read and 
aligned to the TRC library. The matched reads were counted and the counts were 
transformed to abundance that was assigned to the corresponding shRNA. 

The primers used are as follows: PCR1_Untreated replicate#1, forward, 
ACACTCTTTCCCTACACGACGCTCTTCCGATCTCTGATCCTTGTGGAAA 
GGACGAAACACCGG; PCR1_Untreated replicate#2, forward, ACACTCTTT 
CCCTACACGACGCTCTTCCGATCTAAGCTACTTGTGGAAAGGACGAAA 
CACCGG; PCR1_PLX treated replicate#1, forward, ACACTCTTTCCCTACA 
CGACGCTCTTCCGATCTGTAGCCCTTGTGGAAAGGACGAAACACCGG; 
PCRI1_PLX treated replicate#1, forward, ACACTCTTTCCCTACACGACG 
CTCTTCCGATCTTACAAGCTTGTGGAAAGGACGAAACACCGG;_ PCRI, 
reverse (P7_pLKO1_r), CAAGCAGAAGACGGCATACGAGATTTCTTTCCC 
CTGCACTGTACCC; PCR2, forward, AATGATACGGCGACCACCGAG 
ATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT; PCR2, reverse 
(P5_IlluSeq), CAAGCAGAAGACGGCATACGAGAT. 


Individual shRNA vectors used were collected from the TRC library. EGFR: 
TRCN0000039633_GCTGAGAATGTGGAATACCTA; = TRCN0000121068_ 
GCCACAAAGCAGTGAATTTAT; TRCN0000121206_GCCAAGCCAAATGGCATCTTT. 
CDC25C:TRCN0000002433_GAAGAGAATAATCATCGTGTT;TRCN0000002434_ 
GCCTTGAGTTGCATAGAGATT. 

Short-term growth inhibition assays. Cultured cells were seeded into 96-well 
plates (2,000-3000 cells per well). Twenty-four hours after seeding, serial dilutions 
of PLX4032 were added to cells to final drug concentrations ranging from 
0.04-10 uM. Cells were then incubated for 72h and cell viability was measured 
using the CellTiter-Blue viability assay (Roche). Relative survival in the presence of 
PLX4032 was normalized to the untreated controls after background subtraction. 
Long-term cell proliferation assays. Cells were seeded into 6-well plates (2 x 10* 
cells per well) and cultured both in the absence and presence of drugs as indicated. 
For the EGFR overexpression experiments, A375 and SK-MEL-28 cells were 
seeded 5-10 X 10* cells per well. More details are as described”. All relevant assays 
were performed independently at least three times. 

Protein lysate preparation and immunoblots. The biochemical responses of cells 
treated with drugs were analysed by western blot. Cells were plated in medium 
containing 10% FCS. After 24h, cells were washed with serum-free medium and 
cultured for 24 h in medium containing 0.1% serum. After the low serum incubation, 
cells were treated with drugs for 30 min and stimulated by 10% FCS. The lysates were 
then collected after 6h using sample buffer containing 5% [-mercaptoethanol, 
150 mM NaCl, 50 mM Tris pH 7.5, 2mM EDTA pH 8, 25mM NaF and 1% NP- 
40, protease inhibitors (Complete, Roche), Phosphatase Inhibitor Cocktails II and III 
(Sigma). All lysates were freshly prepared and resolved by SDS gel electrophoresis 
and followed by western blotting. Primary antibodies used are as follows: p-EGFR 
(Y1068) (AbCam), p-ERK1/2 (T202/Y204), ERK1, ERK2, HSP-90 (Santacruz), 
p-MEK1/2 (S217/221), MEK1/2, pAKT(S473), ATK1/2, PARP, CDC25C (5H9) 
and p-CDC25C Thr 48 (Cell Signalling Technology). 

Mouse xenografts and in vivo drug studies. All drugs for in vivo studies were 
dissolved in DMSO, stored in aliquots at —80°C and diluted daily in aqueous 
vehicle before administration. All animals were manipulated according to protocols 
approved by the Ethical Commission of the Institute for Cancer Research and 
Treatment and by the Italian Ministry of Health. All experiments were performed 
in accordance with relevant local and national guidelines and regulations. WiDr 
cells (6 X 10° cells per mouse) were injected subcutaneously into the right posterior 
flanks of 7-week-old immunodeficient NOD-SCID female mice (6 mice per group; 
Charles River). Tumour formation was monitored twice a week, and tumour 
volume based on caliper measurements was calculated by the modified ellipsoidal 
formula: tumour volume = 2 length X width (ref. 2). When tumours reached a 
volume of approximately 200-250 mm’, mice were randomly assigned to treatment 
with vehicle (0.2% Tween 80 and 1% methylcellulose in sterile PBS by daily gavage), 
cetuximab (40 mgkg | of body weight intraperitoneally twice a week), erlotinib 
(80mgkg ‘day * in 0.2% Tween 80 and 1% methylcellulose in sterile PBS 
by orogastric gavage), PLX4720 (50mgkg ‘day ' in 0.2% Tween 80 and 1% 
methylcellulose in sterile PBS by orogastric gavage); or to a drug combination 
(cetuximab plus PLX720, or erlotinib plus PLX4720), in which each compound 
was administered at the same dose and scheduled as single agents. 


21. Brummelkamp, T. R. et al. An shRNA barcode screen provides insight into cancer 
cell vulnerability to MDM2 inhibitors. Nature Chem. Biol. 2, 202-206 (2006). 
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differentiation and is a marker of neuroblastoma outcome. Cancer Cell 15, 
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©2012 Macmillan Publishers Limited. All rights reserved 


ARTICLE 


doi:10.1038/nature10883 


Recognition of SUMO-modified PCNA 
requires tandem receptor motifs in Srs2 


Anthony A. Armstrong’, Firaz Mohideen! & Christopher D. Lima’ 


Ubiquitin (Ub) and ubiquitin-like (Ubl) modifiers such as SUMO (also known as Smt3 in Saccharomyces cerevisiae) 
mediate signal transduction through post-translational modification of substrate proteins in pathways that control 
differentiation, apoptosis and the cell cycle, and responses to stress such as the DNA damage response. In yeast, the 
proliferating cell nuclear antigen PCNA (also known as Pol30) is modified by ubiquitin in response to DNA damage and by 
SUMO during S phase. Whereas Ub-PCNA can signal for recruitment of translesion DNA polymerases, SUMO-PCNA 
signals for recruitment of the anti-recombinogenic DNA helicase Srs2. It remains unclear how receptors such as Srs2 
specifically recognize substrates after conjugation to Ub and Ubls. Here we show, through structural, biochemical and 
functional studies, that the Srs2 carboxy-terminal domain harbours tandem receptor motifs that interact independently 
with PCNA and SUMO and that both motifs are required to recognize SUMO-PCNA specifically. The mechanism 
presented is pertinent to understanding how other receptors specifically recognize Ub- and Ubl-modified substrates 


to facilitate signal transduction. 


Post-translational modification of substrate proteins by ubiquitin (Ub) 
and ubiquitin-like (Ubl) modifiers such as SUMO mediates signal 
transduction in pathways, including those that control differentiation, 
apoptosis, the cell cycle and stress responses such as the DNA damage 
response’. For signal transduction to occur, downstream factors must 
specifically recognize the Ub- and Ubl-modified substrate. Whereas 
interactions between Ub and Ubl binding domains and Ub and Ubls 
have been addressed’, there is a paucity of data addressing how receptors 
specifically recognize Ub- and Ubl-conjugated substrates. 

Proliferating cell nuclear antigen (PCNA) is a member of the 
B-clamp family of DNA sliding clamps and facilitates DNA replication 
as a processivity factor and mobile scaffold to recruit proteins that 
regulate DNA metabolism*. The PCNA homotrimeric ring is formed 
by protomers that contain two topologically related domains (domains 
Iand II) connected by the interdomain connector loop (IDCL)*. Many 
proteins interact with PCNA at the interface between the IDCL and 
domains I and II with a motif coined the PCNA-interacting protein 
box (PIP box)**. Post-translational modification of PCNA-interacting 
proteins, as illustrated by p21 phosphorylation’, or of PCNA itself has 
been proposed as a means to dynamically modulate interactions with 
PCNA*. 

Replication fork stalling triggers mono- or poly-ubiquitination of 
PCNA on an evolutionarily conserved lysine (K164 in budding yeast), 
leading to activation of error-prone or error-free post-replication 
repair (PRR) pathways, respectively’®”’. MonoUb-PCNA signals 
for recruitment of translesion DNA polymerases such as Poly 
and Pol¢'°". PCNA K164 is also modified by SUMO in budding 
yeast during S phase as is K127, albeit to a lesser extent'°. SUMO- 
PCNA signals for recruitment of Srs2 (refs 12, 13), a UvrD-like 
helicase that exerts antirecombinogenic functions by disrupting 
Rad51 presynaptic filaments’*"’. Srs2 recruitment to SUMO-PCNA 
inhibits a Rad52-dependent recombinational repair pathway and 
deletion of Srs2 suppresses ultraviolet- and chemically induced 
damage sensitivity of PRR deficient strains'*!*"*. K127 and K164 
SUMO modifications are redundant because either can function to 
recruit Srs2 (refs 12, 13). 


Srs2 harbours a C-terminal SUMO interaction motif (SIM) that 
was shown to enhance interaction with SUMO-PCNA”, but it is 
unclear how Srs2 specifically recognizes SUMO-PCNA as it was 
not known to contain a canonical PCNA interaction motif. At least 
two models can be envisioned. In a dual-interaction model distinct 
elements within Srs2 independently recognize PCNA and SUMO. 
This model is distinct, albeit not mutually exclusive, from one where 
the Srs2 SIM is recognized by a composite surface between SUMO and 
PCNA. This mode of interaction is illustrated by SUMO-modified 
thymine DNA glycosylase (TDG) wherein the SIM is buried in the 
interface between TDG and SUMO”. Srs2 recruitment to SUMO- 
PCNA has been touted as an ideal system for analysis because the 
receptor (Srs2), the SUMO-modified substrate (PCNA) and the con- 
sequence of the interaction are known'*'’. Here we define determi- 
nants required for specific recognition of SUMO-PCNA by Srs2 to 
gain insight to how other Ubl-modified substrates may be recognized 
by their cognate receptors. 


Srs2 interacts with SUMO and PCNA 
A 139-residue C-terminal fragment of Srs2 (Srs21036-1174) Was 
shown to interact with SUMO and PCNA by yeast two-hybrid ana- 
lysis’. We found a smaller domain encompassing residues 1107-1174 
that comigrated with PCNA or SUMO using analytical gel filtration 
(Supplementary Fig. 1). Interactions were quantified using a fluor- 
escence polarization assay with Srs2) 197-1174 amino-terminally coupled 
to the dye BODIPY-FL. Srs2,,97-1174 interacted with glutathione-S- 
transferase-conjugated SUMO (GST-SUMO) with an apparent dis- 
sociation constant (Kg) of 877 =59nM and with PCNA with a Kg of 
169 + 26 nM (Fig. 1; Supplementary Table 1 and Supplementary Figs 2 
and 3), values similar to those observed for other SIM-SUMO’”” and 
PIP-PCNA interactions’*’. These data indicate that Srs2,,07-1174 
harbours motifs that interact independently with SUMO and PCNA. 
SUMO modification of PCNA was shown to enhance interaction 
with Srs2 based on enrichment of SUMO-PCNA over PCNA in 
pull-downs'’*”’, To address this with a purified system we recon- 
stituted SUMOxi64-PCNA and SUMOxj27-PCNA using the Sizl 
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Figure 1 | Srs2 C-terminal domain interacts with PCNA, SUMO and 
SUMO-PCNA. Fluorescence anisotropy curves and calculated K, values 
(dashed lines) for GST-SUMO (green), PCNA (black), SUMOx)27-PCNA 
(blue) and SUMOx164-PCNA (red) titrations against 20 nM BODIPY-FL- 
Srs21 107-1174. Cartoons of SUMO (green; right), PCNA (trimer, domain I (dark 
blue), domain II (light blue); middle) and SUMO-PCNA (left) above dashed 
lines. Assays conducted in triplicate. Error bars are + 1 standard deviation; 
n= 12 for SUMO, n = 12 for PCNA, n = 9 for SUMOxi64-PCNA and n = 3 
for SUMOxj27-PCNA. See Methods. 


E3 ligase and mutations in PCNA (K127G; K164R) to direct SUMO 
modification to K164 or K127, respectively****. K127 is conserved 
as glycine in most metazoan PCNA family members. Fluorescence 
polarization assays show that Srs2,;97_1174 interacts with SUMOx,64- 
PCNA and SUMOxj27-PCNA with Kg values of 26.3 + 3.1nM and 
25.1+4.9nM, respectively (Fig. 1, Supplementary Table 1 and 
Supplementary Figs 2 and 3), values sevenfold and 33-fold lower than 
for PCNA and GST-SUMO, respectively. 


Structures of SUMO-conjugated PCNA 

A structure of reconstituted SUMOx164-PCNA was determined to a 
resolution of 2.6 A (Fig. 2a, Supplementary Table 2 and Supplemen- 
tary Fig. 5a). PCNA adopts the archetypal trimeric ring’ and electron 
density and the proximity of PCNA K164 and SUMO G98 are con- 
sistent with SUMO being conjugated to PCNA K164 (Supplementary 
Fig. 4a, c). The conformation observed for SUMO and its contacts to a 
PCNA loop between residues 184 and 198 (Supplementary Fig. 5a) are 
similar to another structure obtained by expressing PCNA as two self- 
assembling polypeptides split at residues 163 and 165 with SUMO 
introduced as an N-terminal fusion to the C-terminal peptide”. 

We found that N-ethylmaleimide (NEM) chemically modifies 
PCNA on cysteine side chains 22 and 81 (Supplementary Figs 4d 
and 6), causing PCNA to run on gel filtration at an apparent size that 
is three times smaller than the PCNA trimer (Supplementary Fig. 7a). 
We term this preparation PCNA™°”*. The structure of SUMOxy64- 
PCNA™°"? was determined at 2.8 A resolution (Fig. 2b, Supplemen- 
tary Table 2 and Supplementary Fig. 5a). Although a monomer on gel 
filtration, SUMOxi6,-PCNA™°”” crystallizes as a continuous right- 
handed helix with four PCNA monomers comprising a single turn 
(Fig. 2b) through formation of a PCNA-PCNA interface similar to 
that observed in SUMOxi64-PCNA™ and PCNA" (ref. 5) (Sup- 
plementary Fig. 6). The right-handed helical configuration is in 
agreement with molecular dynamics simulations of dimeric PCNA”, 
cryo-electron microscopy studies of the archaeal clamp-clamp loader- 
DNA complex” and recent studies in which the T4 clamp loader was 
crystallized with an open ring’”’ (Supplementary Fig. 8). In this struc- 
ture SUMO makes few contacts to PCNA and adopts a different 
orientation compared to SUMOx364-PCNA™ (Supplementary Fig. 5a). 
This indicates SUMO can achieve different conformations in solution, 
although this conformation is probably stabilized by lattice contacts 
(Supplementary Fig. 5b, c). 
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Figure 2 | Structures of SUMO-PCNA alone and in complex with Srs2. 

a, Surface representation for SUMO xy64-PCNA™, PCNA domain I (dark blue), 
domain II (light blue), IDCL (yellow) and SUMO (green) are labelled. 

b, SUMO xj64-PCNA™°”” as in a. Four protomers oriented to visualize the 
‘open ring’. ¢, Srs21497-117a-SUMOx164-PCNA™”””” as in a and b (left). Srs2 
SIM and PIP-like motifs labelled (pink; stick and transparent surface). Cartoon 
representation for one protomer of Srs21107-1174-SUMOx64-PCNA™”” 
(right) coloured as in c. PCNA N- and C- termini, loop 184-198, and K164 and 
SUMO N terminus and G98 are labelled. Srs2 SIM and PIP-like motifs labelled 
with single amino acid code and number to indicate the termini of each motif. 


Structure of Srs2-SUMO-PCNA 


Srs21107-1174 interacts with SUMOx164-PCNA™°"° and SUMO K164- 
PCNA" by analytical gel filtration (Supplementary Fig. 7b) and binds 
SUMO x 64-PCNA™”® and SUMOx,27-PCNA™°*"° with apparent 
Kg values of 79 + 18 nM and 14.0 + 3.9 nM, threefold worse and less 
than twofold better than SUMOxi64-PCNA™ or SUMOxi27- 
PCNA™, respectively. Our data show that Srs2 interacts with NEM- 
treated PCNA™"”° 6.5-fold worse than PCNA". We posit that outside 
of its conformational constraints in the trimer PCNA™°"® is more 
flexible and this probably results in conformational heterogeneity in 
the PIP-box binding site. In spite of this difference Srs2 does show 
specificity in binding SUMO-PCNA because the Kg of interactions 
with SUMOx164-PCNA™°”? and SUMO 27-PCNA™°”® is 14-fold 
and 78-fold lower than that of PCNA™®”®, respectively (Supplementary 
Table 1), indicating that SUMO-PCNA™°”® is a reasonable surrogate 
for SUMO-PCNA™ in its interactions with Srs2. Furthermore, these 
data indicate that Srs2 recognizes SUMO-PCNA within a single 
SUMO-PCNA protomer and does not bridge protomers in the 
PCNA trimer. This hypothesis is further supported by distance con- 
straints between the PIP-box binding site and lysine residues as intra- 
protomer distances to K127 or K164 are two to three times shorter than 
distances to K127 or K164 in adjacent protomers (see below). 
Complexes between Srs2y107-1174 and SUMOxi64-PCNA™ or 
SUMOx164-PCNA™°”° were purified (Supplementary Fig. 7b). We 
obtained crystals and determined the structure for Srs2-SUMOxy64- 
PCNA™°”® at 2.9 A resolution (Fig. 2c, Supplementary Table 2 and 
Supplementary Fig. 4c). In this structure, PCNA adopts a right- 
handed helical conformation similar to apo-SUMOx164-PCNA™°”° 
(PCNA protomers align to a root mean squared deviation (r.m.s.d.) of 
0.98 A) whereas SUMO adopts a conformation similar to SUMOxi64- 
PCNA™ (Supplementary Fig. 5a). Electron density for Srs2 residues 
1148-1161 is located in the interface between PCNA domains I, II 
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and the IDCL, and electron density for Srs2 residues 1168-1174 is 
adjacent to SUMO 2 and «1 (Fig. 2c and Supplementary Fig. 4b). 
Electron density for Srs2 residues 1107-1147 or 1162-1167 is not 
observed in our structure. To eliminate the contribution of residues 
N-terminal to the motifs defined in our structure to recognition of 
SUMO-PCNA, we prepared an Srs2 fragment encompassing residues 
1137-1174. Although the interaction of Srs2, 137-1174 with PCNA and 
SUMO individually is three- and fourfold weaker, respectively, than 
that of Srs24107-1174 the interaction of Srs24137-1174 with SUMO- 
PCNA was eightfold stronger than that of Srs2 107-1174 (Supplemen- 
tary Table 1 and Fig. 3). 


Functional analysis of the Srs2 PIP-box 


The Srs2 PCNA-interaction motif differs from canonical PIP-box 
motifs®**'**”°, perhaps consistent with its not being described previ- 
ously. Most PIP-boxes contain a core Qxx'? motif followed by two 
conserved aromatic residues three and four residues C-terminal of the 
core motif (Fig. 3a and Supplementary Fig. 9). Srs2 residues 1149- 
1152 (QMDI) conform to a canonical PIP-box motif (Qxx'V), but Srs2 
residues 1153-1161 lack the conserved aromatic residues. In addition, 
most PIP-boxes adopt a 319 helix after the Qxx‘¥ motif whereas Srs2 
residues 1153-1161 adopt two turns of «-helix that project Q1155 and 
L1156 into the PCNA surface (Fig. 3b). 

As the Srs2 PCNA-interaction motif differs from canonical PIP-box 
motifs, we conducted mutational and functional studies to evaluate the 
importance of side-chain contacts between Srs2 and PCNA. Q1149 is 
within hydrogen bonding distance of the backbone carbonyl oxygen of 
PCNA A251 (Fig. 3b), and Q1149E substitution results in a modest 
threefold defect in interaction with PCNA™ (Fig. 4a). The D1151 side 
chain caps the N-terminal end of the Srs2 helix with a hydrogen bond 
to the backbone amide of $1154 (Fig. 3b). D11514A elicits a tenfold 
defect in binding PCNA™ (Fig. 4a). The 11152 side chain projects intoa 
hydrophobic pocket on PCNA and a main-chain hydrogen bond is 
observed between the 11152 backbone amide and the carbonyl oxygen 
of PCNA R44 (Fig. 3b). 11152A results in a 60-fold defect in interaction 
with PCNA™ (Fig. 4a). 
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Figure 3 | Srs2 PIP-like motif and SIM interactions with PCNA and SUMO. 
a, Sequence alignment for Srs2 CTD (amino acids 1149-1174) above p21, Pol y 
and Pol1 PIP-box motifs and DAXX, PIASx and RanBP2 SIMs. PIP-box 
consensus motif numbered above Srs2 (Q, glutamine; x, any amino acid; h, 
hydrophobic; a, aromatic). Amino acids similar to consensus are highlighted 
(green). Hydrophobic and acidic residues highlighted blue and pink for SIMs. 
b, Srs2 PIP-like motif (pink), PCNA coloured as in Fig. 2. PCNA, Srs2 and select 
amino acids labelled by numbered single-letter code. Hydrogen bonds as 
dashed lines. c, Srs2 SIM (pink) and SUMO (green) as in b. 
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Figure 4 | Srs2 PIP-like motif and SIM required for recognition of SUMO- 
PCNA. a, Bar graphs showing fold-defect in Kg (y axis) for wild-type and 
Srs21 197-1174 mutants (x axis) for PCNA™ K127G (black), SUMOx164-PCNA™ 
K127G (blue), or SUMO 64-PCNA™ FLKI}95-12gA AAA (red). b, Suppression 
of rad6A DNA damage sensitivity by srs24 or srs2 alleles. Shown are tenfold 
serial dilutions of cells on plates containing MMS as indicated (left). c, Bar 
graphs showing Kj values for interaction of Srs2 containing a wild-type PIP and 
SIM (PIPwr-SIMw-r) (black), a mutant PIP-like motif (L1156A; PIP),,,) and 
SIMwr (dark purple; dashed line around PIPyut), a PIPwr with SIM deletion 
(ASIM) (light purple; dashed line around ASIM), and a PIP\yur ASIM (red 
dashed line) with SUMO (left), PCNA (middle) and SUMO xi 64-PCNA™ 
(right). Cartoons coloured as in Fig. 1. Fluorescence polarization assays 
conducted in triplicate. Error bars are + 1 standard deviation. See Methods. 


The a-helical geometry observed for Srs2 residues 1153-1161 
projects side chains of F1153, Q1155 and L1156 into a mostly 
hydrophobic pocket on PCNA composed of residues V45 and L47 
from domain I; L126, 1128 and L131 from the IDCL; and P234, F249 
and P252 from domain II (Fig. 3b). In addition, the Q1155 side chain 
Né is within 4 A of the PCNA E232 carboxylate. Although these Srs2 
residues do not conform to side chains conserved in most other PIP- 
box motifs (Fig. 3a and Supplementary Fig. 9), each are important for 
interaction with PCNA because Srs2 containing F1153A, L1156A or 
Q1155E substitutions bind PCNA" with 9-, 73- or 31-fold reduced 
affinity relative to wild-type Srs2j 107-1174, respectively (Fig. 4a). 

PCNA side chains proximal to the Srs2 PIP-like motif include L126 
and 1128 in the IDCL (Fig. 3b), and alanine substitutions in the PCNA 
IDCL (FLK1,95_;23AAAA) weaken interaction with Srs21,07-1174 by 
more than 60-fold (Supplementary Table 1). Furthermore, defects 
observed for Srs2 Q1149E, F1153A and Q1155E are exacerbated in 
fluorescence polarization assays when interactions with SUMOx64- 
PCNA™ FLKIj95-12gAAAA and SUMOxi64-PCNA™ are compared 
(Fig. 4a). Conformations of PCNA IDCLs vary when Srs2j197-1174- 
SUMO x164-PCNA™°”? and SUMO K164-PCNA™°*"” are compared to 
other PCNA structures (Supplementary Fig. 10); it is possible that 
contacts to Srs2 elicit some of these differences. 

Srs2 11152A and L1156A substitutions result in the greatest defects 
in interaction with PCNA and SUMOxi64-PCNA™ (Fig. 4a). To 
evaluate if these substitutions could impair Srs2 functions in vivo with 
respect to suppression of the DNA damage sensitivity of rad64 or 
rad18A strains, we constructed rad6Asrs2A and rad18Asrs2A and 
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complemented strains with SRS2 or mutant srs2 alleles under control 
of the endogenous SRS2 promoter. Consistent with the importance of 
the PIP-like motif in vitro, strains harbouring srs2-L1156A or srs2- 
I1152A-L1156A were more resistant to the DNA damaging agent 
methyl methanesulphonate (MMS) than strains containing wild-type 
SRS2, although both were more sensitive to MMS than strains 
harbouring srs2 with a deletion of the PIP-like motif (Fig. 4b and 
Supplementary Fig. 11). 


Functional analysis of the Srs2 SIM 


The Srs2 SIM (residues 1168-1174) forms a f-strand that interacts 
with SUMO £2 and «1 (Fig. 3c). The parallel orientation of the SIM 
and SUMO £2 in our structure is distinct from SUMO complexes with 
SIMs of RanBP2 (ref. 30), thymine DNA glycosylase*' and the SUMO 
El (ref. 32) but similar to PIASx**, DAXX?? and MCAFI (ref. 34) 
(Supplementary Fig. 12). Consistent with the structure and previous 
studies'*, removal of the SIM by deletion of Srs2 residues 1168- 
1174 has the same effect as removing SUMO from PCNA because 
Srs21107-1167Asim interaction with SUMO-PCNA is equivalent to 
PCNA alone (Fig. 4c and Supplementary Table 1). 

Six residues separate the Srs2 PIP-like motif (1148-1161) and SIM 
(1168-1174), too few to span 39 A between these motifs in our structure 
even if extended (~20 A) (Fig. 2c). We posit that the Srs2 SIM 
exchanged interactions with another SUMO in the lattice during crys- 
tallization as the N termini of two symmetry-related SIMs are located 
within 15 A of the PIP-like motif (Supplementary Fig. 13a). It is import- 
ant to note that Srs2 interacts equally well with SUMOx164-PCNA™ 
and SUMOx37-PCNA™ in solution (see above). For Srs2 to simulta- 
neously engage PCNA and SUMO in these complexes SUMO would 
have to adopt a different conformation from that observed in 
SUMO x1 64-PCNA™ or SUMO x3 64-PCNA™°”® structures. 

Models were generated for SUMO xi64-PCNA™ and SUMOx)27- 
PCNA" to permit simultaneous engagement of the Srs2 SIM and PIP 
elements with PCNA and SUMO in a single protomer (Fig. 5 and 
Supplementary Fig. 13b). These models suggest that SUMO would 
adopt conformations distinct from that observed in most SUMO- 
PCNA structures where SUMO interacts with PCNA loop 184-198. 
Consistent with our models, fluorescence polarization data show that 
V186D and MEH jgg_ 19, AAA mutations in PCNA loop 184-198, sub- 
stitutions predicted to disrupt non-covalent contacts between SUMO 
and PCNA, have no impact on the ability of Srs2 to interact with 
SUMOxj64-PCNA (Supplementary Table 1). 


Srs2-SUMO,4¢4,-PCNA (model) 


Srs2-SUMO,,5;-PCNA (model) 
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Figure 5 | Models for Srs2-SUMO-PCNA complexes. Models for SUMO 
conformations to enable simultaneous interaction with the SIM and PIP-like 
motif when attached to PCNA K164 (left) or K127 (right). Models generated 
required a simple rotation of SUMO at the isopeptide linkage for SUMOxi64- 
PCNA and a slight rotation and translation of SUMO from a symmetry related 
complex to mimic SUMOxj27-PCNA (Supplementary Fig. 13). 
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The «-helical conformation of the Srs2 PIP-like motif differs from 
other PIP-box motifs that make more extensive contacts to the IDCL 
(Supplementary Fig. 9). This conformation points the Srs2 C-terminal 
end of the PIP-like motif away from the PCNA surface towards 
SUMO in our SUMO-PCNA models (Fig. 5). Furthermore, previous 
studies suggested that SUMO modification of PCNA antagonizes 
Ecol, possibly by interfering with its ability to interact with PCNA 
via its PIP-box*’. We purified Ecol and used it in pull-down assays to 
determine if Ecol interacts with PCNA, SUMOgj27-PCNA or 
SUMO ki64-PCNA. Ecol interacts with PCNA whereas PCNA 
FLKI,25_j2sAAAA substitution diminished interaction (Supplemen- 
tary Fig. 14). This is consistent with the IDCL mediating interactions 
with PIP-box proteins. We find that Ecol binds SUMOx127-PCNA or 
SUMOxi64-PCNA at levels similar to that observed for PCNA. 
Although it is clear that the SUMO pathway antagonizes PCNA- 
dependent Ecol functions in vivo’, our data exclude a simple steric 
occlusion model because SUMO modification on PCNA K127 and 
K164 does not prevent Ecol from interacting with PCNA. 


Srs2 recognition of SUMO-PCNA 

Our data show that Srs2 requires the SIM to recognize SUMO and the 
PIP-like motif to recognize PCNA and that both elements are 
required to specifically recognize SUMO-PCNA. Consistent with this 
hypothesis, interaction with SUMO is strictly dependent on the SIM 
but independent of mutation in the PIP-like motif whereas inter- 
action with PCNA is dependent on the integrity of the PIP-like motif 
and independent of the SIM (Fig. 4c). Finally, both PIP-like and SIM 
motifs are required to achieve specificity during recognition of 
SUMO-PCNA because mutation of the PIP-like motif or deletion 
of the SIM lessen interaction whereas mutations in both prevent 
interaction with SUMO-PCNA (Fig. 4c). 

Although mutation or deletion of individual motifs results in Srs2 
variants that interact with SUMO or PCNA in SUMO-PCNA in vitro, 
it is important to note that both mutants lack elements required to 
specifically recognize SUMO-PCNA. To validate this hypothesis for 
Srs2 function in vivo, we complemented rad6Asrs2A and rad18Asrs2A 
with Srs2 variants lacking the PIP-like motif, the SIM motif or both. As 
predicted, these variants behave similarly to a strain lacking SRS2 as 
each suppresses the DNA-damage sensitivity of rad6A and rad18A 
strains (Fig. 4b and Supplementary Fig. 11). Importantly, strains 
harbouring a SIM deletion in conjunction with single- and double- 
point substitutions in the PIP-like motif are more resistant to DNA 
damage than strains containing full-length Srs2 with mutations in the 
PIP-like motif. 


Discussion 


Recognition of Ub- and Ubl-modified substrates is a critical first step 
in Ub- and Ubl-mediated signal transduction. Details of this process 
have been widely assumed’®, but the molecular bases for these inter- 
actions have not been formally demonstrated. Here we identify one 
mechanism to achieve specificity during recognition of SUMO- 
modified PCNA. Given the modular nature of PIP-box motifs and 
ubiquitin-binding domains in some translesion polymerase family 
members”'”’, this mechanism may apply to their recognition of 
Ub-PCNA™. It is also worth noting that a recent study claims to have 
identified a mammalian Srs2 orthologue named PARI which contains 
a C-terminal canonical PIP-box and an internal SIM”’, although these 
motifs differ in comparison to Srs2 with respect to their position in 
primary sequence. 

It seems likely that the mechanism employed by Srs2 to recognize 
SUMO-PCNA, namely juxtaposition of domains or motifs in the 
receptor that simultaneously engage the substrate and Ub and Ubl 
modifier within the context of the Ub- and Ubl-conjugated substrate, 
will be used in other signal transduction pathways that rely on receptors 
to specifically recognize Ub- and Ubl-modified substrates. 
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METHODS SUMMARY 


Yeast proteins were expressed in Escherichia coli and purified. PCNA was con- 
jugated to SUMO using the E3 ligase Sizl. For fluorescence polarization, sub- 
strates were titrated in triplicate against 20 nM BODIPY-FL-conjugated Srs2 and 
data fit to a single-site binding model accounting for ligand depletion. Crystals 
were obtained by vapour diffusion. Diffraction data were collected at beam lines 
X29 (NSLS) and 24-IDC (APS), phases were calculated by molecular replace- 
ment. Yeast strains were constructed and complemented with plasmids contain- 
ing SRS2 under the control of its endogenous promoter. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Cloning, expression and purification of recombinant proteins. Expression 
and purification of yeast El (Aosl1/Uba2), E2 (Ubc9), yeast SUMO (NA18 
Smt3), Sizl,12-46s and affinity-tag-free yeast PCNA (wild type, K127G and 
FLKI,35-12gAAAA) have been described””*. PCNA K164R and SUMO K19R 
were generated by PCR-based site-directed mutagenesis. Srs2j927-1174 was 
obtained by PCR from S. cerevisiae genomic DNA and cloned into the 
pSMT3 vector encoding an N-terminal Hiss—Smt3 tag. Fragments, including 
the Srs2;,07-1174 construct, and mutants were generated by subcloning and by 
PCR-based site-directed mutagenesis. Srs2 was expressed in BL21 (DE3) RIL 
Codon Plus cells after induction with 0.5 mM isopropylthiogalactoside (IPTG) 
and incubation of the cultures at 30°C for 3h. Cell pellets were suspended in 
2.5X volume of 20% sucrose, 50 mM Tris, pH 8.0 and lysed by sonication. Srs2 
was isolated from cleared lysate by immobilized metal-affinity chromatography 
using Ni-NTA resin (Qiagen). Srs2 was eluted from the resin in buffer containing 
250 mM imidazole, 350 mM NaCl, 20 mM Tris, pH 8.0, 1 mM $-mercaptoethanol 
(BME), and the His,~Smt3 tag was subsequently cleaved by addition of Ulp1 toa 
1:1,000 mass ratio followed by overnight incubation/dialysis into 350 mM NaCl, 
20 mM Tris, pH 8.0, 1 mM BME at 4 °C (ref. 40). Ulp1 was inactivated by adding 
NEM to a final concentration of 5mM followed by incubation at room temper- 
ature for 30 min and 4 °C for 1h. Srs2 was separated from other proteins in this 
mixture by size-exclusion chromatography (Superdex75 26/60; GE Healthcare; 
equilibrated with 350mM NaCl, 20mM Tris, pH 8.0, 1mM BME). Fractions 
containing Srs2 were combined, dialysed overnight against 50mM NaCl, 
20 mM Tris, pH 8.0, 1 mM BME and purified by anion-exchange chromatography 
(MonoQ 10/10; GE Healthcare). Srs2 197-1174 was recovered in the unbound frac- 
tion, and Srs2j927-1174 was eluted using a gradient from 50 mM to 475 mM NaCl 
over 12 column volumes in 20 mM Tris, pH 8.0, 1 mM BME. Srs2 was concen- 
trated using an Amicon Ultra centrifugal filter, snap frozen in liquid nitrogen and 
stored at —80°C. Ecol was cloned from S. cerevisiae genomic DNA into the 
pET28a vector encoding an N-terminal hexahistidine tag. Ecol was expressed in 
BL21 (DE3) RIL Codon Plus cells and purified through IMAC steps according to 
the same protocols described for expression and purification of Srs2 fragments. 
Upon elution from the Ni-NTA resin, Ecol was purified by size-exclusion chro- 
matography (Superdex75 26/60; GE Healthcare; equilibrated with 350 mM NaCl, 
20mM Tris, pH 8.0, 1mM BME). Peak fractions were combined and Ecol was 
concentrated to 8mgml ' before snap freezing in liquid nitrogen for storage at 
=805C; 

Reductive methylation of SUMO and preparation of PCNA™°”°. Reductive 
methylation of yeast SUMO (NA18 K19R Smt3;*SUMO where the asterisk indicates 
reductively methylated) used paraformaldehyde and sodium borohydride as the 
methyl donor and reducing agent, respectively*’. Monomeric PCNA or monomeric 
SUMO-PCNA was prepared by adding N-ethylmaleimide (NEM) to a final con- 
centration of 5 mM to the corresponding trimeric species, incubating for 2 h at 4 °C, 
and then purifying by size exclusion chromatography (Superdex200 26/60). 
Reconstitution of SUMO-PCNA. Yeast SUMO was conjugated to yeast PCNA 
using the SUMO E3 ligase Sizl by mixing 15 uM PCNA, 65 1M SUMO (NA18 
K19R Smt3 or reductively methylated NA18 K19R Smt3), 90nM Aos1-His¢- 
Uba2 ACT (E1), 300 nM Ubc9 (E2), and 2 UM Siz, ,2-465 (E3) and 2mM ATP, 
incubated at 37°C for 2h, and stopped by chromatographic resolution of the 
reaction components. 

Fluorescence polarization assays. A cysteine residue was added N-terminal to 
Srs21 107-1174 Which itself lacked any cysteine residues. BODIPY FL (Invitrogen) 
was conjugated to the thiol group via maleimide chemistry. For fluorescence 
polarization assays, substrate was titrated against a fixed concentration (20 nM) 
of labelled Srs2,07-1174 by mixing equal volumes of Srs2 peptide and serially 
diluted protein. Binding reaction conditions were 50mM NaCl, 20 mM Tris, 
pH8.0, 4mM dithiothreitol (DTT). 20-1 reaction volumes were added to the 
wells of a 384-well microplate, and measurements taken using a SpectraMax M5 
microplate reader (Molecular Devices) using an excitation wavelength of 485 nm, 
emission wavelength of 538 nm, and a cutoff of 530 nm. Experiments were per- 
formed in triplicate. Using the software package Prism 5 (GraphPad Software) 
data were fit to a single site binding model accounting for ligand depletion: 


(— + [Prot]) V (—[Srs2] 


2[Srs2| 


Ka—[Prot])° —4[Srs2] [Prot] 
A=As +(Ap — Ay) 


where A is the measured anisotropy, [Srs2] is the fixed concentration of labelled 
receptor, and [Prot] is the total concentration of substrate. A, and A¢are limiting 
anisotropies for bound and free peptide, respectively, and Kg is the dissociation 
constant. 

For displacement assays, BODIPY-labelled Srs21107-1174 at 40nM was pre- 
incubated with PCNA" K127G, GST-SUMO or SUMOx164-PCNA™ at 600, 


2,000 and 80nM, respectively. Equal volumes of the pre-incubated binding 
reaction and serially diluted unlabelled Srs21197-1174 were then mixed. 20-1 
reaction volumes were added to the wells of a 384-well microplate, and measure- 
ments were made as for the direct fluorescence polarization assays. Experiments 
were performed in triplicate, and the data were fit using Prism 5 to a one-site 
binding model for competition assays. 

Assessment of protein-protein interactions by analytical gel filtration. 
Purified proteins were mixed at the indicated concentrations in a volume of 
220 ul and centrifuged, and 200 pl was loaded onto a Superosel12 HR 10/30 
column (GE Healthcare) equilibrated in 50mM NaCl, 20mM Tris, pH 8.0, 
1mM BME. The column was eluted at a flow rate of 0.5 ml min |, and 0.5-ml 
fractions were collected, analysed by SDS-PAGE and stained with Sypro Ruby 
Protein Gel Stain (Bio-Rad). 

Assessment of protein-protein interactions by pull-downs. 400 il of 750 pg 
ml ! His,—-Ecol in binding buffer (200 mM NaCl, 20 mM Tris, pH 8.0, 40 mM 
imidazole) was added to 50 ul of 50% (v/v) Ni-NTA resin (Qiagen) equilibrated 
with the same buffer and mixed for 20 min at 4°C. Beads were subsequently 
washed with 3 x 4001 of binding buffer to remove unbound His,-Ecol. 
400 ul of 10 uM prey protein in binding buffer was added to Ecol-coated beads 
and mixed for 15min at 4°C. Unbound prey protein was removed with 
3 X 400 il washes with binding buffer. Material was eluted from beads with 
successive 400 ul washes of binding buffer that contained increasing concentra- 
tions of NaCl. Ecol and any remaining bound prey protein was eluted in a final 
wash with 100 pl 350 mM NaCl, 20 mM Tris, pH 8.0, 400 mM imidazole. 
Crystallization and structure determination. Crystals were grown using the 
hanging drop vapour diffusion method by mixing equal volumes of sample 
and reservoir solution. 

SUMOx164-PCNA" K127G: purified SUMOx164-PCNA™ was crystallized at 
18°C in 4% polyethylene glycol (PEG) 8000, 500 mM LiSO, (pH 4.5). Crystals 
were transferred to cryoprotectant (reservoir supplemented with 15% ethylene 
glycol) before flash-freezing in liquid N>. Diffraction data were collected at beamline 
24-ID-C at the Advanced Photon Source at a wavelength of 0.979 A. Crystals 
belong to space group F432 with one protomer of SUMO-PCNA in the asymmetric 
unit. 

SUMOki64-PCNA™”° K127G: Srs2i027-1174 Was added to 8mgml! 
SUMOxi6s-PCNA in threefold molar excess and dialysed against 100 mM 
NaCl, 20mM Tris pH8.0, 1mM BME at 4°C for 16h. The Srs2jo27_ 
117435 UMOxi64-PCNA complex was purified on a Superdex 200 column and 
concentrated to ~8mgml '. Crystals were obtained at 4°C in 21% MPD, 
100mM BaCh, 100mM Bis-Tris, pH6.5 and transferred to cryoprotectant 
(reservoir supplemented with 12% glycerol) before flash-freezing in liquid Np. 
Diffraction data were collected at beamline 24-ID-C at the Advanced Photon 
Source at a wavelength of 0.979 A. Crystals belong to space group 14, with one 
protomer of SUMO 6s-PCNA™°”* in the asymmetric unit. It was subsequently 
determined that these crystals lacked the Srs297_1174 protein component, and 
that contaminating NEM, presumably present in earlier Srsjo27_1174 preparations, 
had modified PCNA C22 and C81. 

SUMO xi 64-PCNA K127G-Srs2) 197-1174: SYS21107-1174 was added in threefold 
molar excess to SUMOxi164-PCNA™ at a protomer concentration of 60 14M. NEM 
was added to a final concentration of 5 mM, and the sample incubated for 3h at 
4°C before copurification of the complex by gel filtration (Superdex200 26/60; 
GE Healthcare; equilibrated with 100mM NaCl, 20mM Tris, pH 8.0, 1mM 
BME). The complex was concentrated to ~10 mg ml! and crystallized at 6 °C 
in 1.9M ammonium sulphate, 4% PEG400, 100 mM HEPES, pH 7.5 by the sitting 
drop vapour diffusion method. Crystals were washed and cryoprotected in 2M 
ammonium sulphate, 4% PEG400, 100mM HEPES, pH7.5, 20% glycerol. 
Diffraction data were collected at beamline X29 of the National Synchrotron 
Light Source at a wavelength of 1.075 A. Crystals belong to space group C2 with 
two Srs2-SUMOx64-PCNA complexes in the asymmetric unit. 

Crystallographic data were indexed, integrated and scaled using HKL2000 
(ref. 42) and data reduced using programs in CCP4 (ref. 43). Data obtained for 
SUMOxi64-PCNA™°”® were scaled maintaining separation of anomalous pairs 
to maintain the anomalous signal from the associated barium ions. The programs 
MOLREP“ and PHASER* were used to find molecular replacement solutions 
using the coordinates of a yeast PCNA protomer from PDB 1PLQ and yeast 
SUMO from PDB 1EUV (Supplementary Table 2 and Methods). Models were 
manually inspected and rebuilt before refinement using the program O*° and 
refined using CCP4’s REFMAC”. Models have reasonable geometry at the respec- 
tive resolution as assessed by MolProbity*®. SUMOx164-PCNA™ has 95.5% and 
3.9% of modelled residues in favoured and allowed Ramachandran regions, 
respectively with 0.6% outliers. SUMOx16,-PCNA™°”” has 95.7% of modelled 
residues in favoured regions, 3.4% in allowed regions and 0.9% as outliers, and 
Srs2y107-1174-SUMOxy64-PCNA™”? has 91.5% in favoured regions, 7.6% in 
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allowed regions and 0.9% as outliers. Structures of SUMOx164-PCNA™, 
SUMOxi64-PCNA™°*”? and. Srs21407-1174-SUMOx164-PCNA™°”? have Clash 
Scores in the 93rd, 95th and 87th percentiles, respectively, and MolProbity 
Scores in the 70th, 90th and 50th percentiles, respectively. All graphical represen- 
tations of structure were generated using PYMOL”. 

Yeast complementation and growth assays. Yeast strains used in this study 
include srs2A4rad6A (MATa, his341, leu2A0, lys2A0, ura3A0, srs2A::kanMX, 
rad6A::kanMX) and srs2Arad18A (MATa, his3A1, leu2A0, met15A0, ura3A0, 
srs2A::kanMX, rad18A::kanMX). Double-deletion strains were constructed by 
mating srs24 (MAT his341 leu2A0 lys2A0 ura3A0) to rad6A or rad18A 
(MATa his3A1 leu2A0 met1540 ura3A40) knockout strains from the 
Saccharomyces Genome Deletion Project (Open Biosystems). Diploids were 
selected on media lacking lysine and methionine then sporulated in 2% potassium 
acetate. The desired double-deletion strains were selected by screening spores by 
PCR to establish the genotype and by replica-plating spore colonies on selective 
media. Double-deletion strains were transformed with the pRS416 plasmid 
(URA3) or the pRS416 plasmid (URA3) containing SRS2 or srs2 alleles flanked 
by 500 bp of its endogenous 5’ and 3’ UTRs. These constructs were generated by 
cloning the SRS2 5’ UTR along with the SRS2 coding sequence corresponding to 
the first 1,115 residues into the Xhol and Sall sites of the pRS416 vector and the 
SRS23' untranslated region (UTR) into the Xmal and BamHI sites. Use of the Sall 
site introduced a DNA mutation that is silent with respect to the encoded Srs2 
amino acid. The remainder of the SRS2 coding sequence was placed between the 
Sall and Xmal sites to produce the desired alleles including SRS2, srs2-A PIPASIM 
(Srs21_114g), srs2-4C22 (Srs2,_1152), srs2-4C13 (Srs21-1161), and srs2-ASIM 
(Srs21_1167). srs2-APIP (Srs2)_1148+pG+1168-1174) Was generated by placing the 
SRS2 coding region corresponding to the C-terminal seven residues along with 
the 3’ UTR into Xmal and BamHI sites. The SRS2 coding sequence corresponding 
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to residues 1115-1148 was then placed between the Sall and Xmal sites. This 
strategy introduced two non-native amino acids (Pro-Gly) between Srs2 residues 
1148 and 1168. Yeast transformants were selected on media lacking uracil. For 
spotting assays to assess growth defects and drug sensitivity, cultures were grown 
overnight and diluted to a Déoo of 1.0. tenfold serial dilutions were made and 3 ll 
aliquots were spotted onto SD — Ura plates or SD —Ura +MMS plates containing 
the indicated concentration of DNA damage agent. Plates were incubated at 30 °C 
for ~3 days with photographs taken every 6-8 h. 
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Awinning poster uses bold graphics, plenty of white space and limited text to draw viewers. 


PRESENTATIONS 


Bil 


board science 


Posters are a chance to show off work and to network with 
colleagues, but only if the design is easy on the eye. 


BY KENDALL POWELL 


style casino. The poster session at the 

American Society for Cell Biology (ASCB) 
meeting in Denver, Colorado, in December 
2011 included numerous aisles lined with 
posters, and young presenters showing off 
the fruits of endless hours in the laboratory. 
A few metres away, dozens of representatives 
from science agencies, institutes and scientific- 
instrument companies staffed a sea of exhibi- 
tor booths. They were shamelessly vying for 


I was the scientific version of a Las Vegas- 


scientists’ attention with the free sweets, pens, 
noise-makers and other bits of sparkly plastic 
that end up at the bottom of a canvas confer- 
ence bag. It is difficult enough for an attendee 
to locate a particular poster; it is harder still for 
presenters to get noticed. 

Rashieda Hatcher, a doctoral student at Bay- 
lor College of Medicine in Houston, Texas, and 
third-place winner in the graduate-student 
category of the ASCB Minority Affairs Com- 
mittee poster contest, made the most of her 
prime, end-aisle location. Her display, which 
chronicled her study of the protein securin in 
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breast cancer, had many of the hallmarks of a 
winning poster: tastefully colourful, with an 
enlarged photo of her most important result 
(an abnormal branching of the mammary 
gland in mice that don’t produce securin) at 
the centre. It had cartoons instead of text to 
explain the methods and conclusions. Hatcher 
had included business cards beside her poster 
so that viewers could contact her later. She had 
embraced the idea that a poster is a good place 
to sell her science. 

Her efforts brought immediate results, with 
a visit from a leading researcher in her field. 
After talking to Hatcher about her work and 
future experiments, Zena Werb, a develop- 
mental biologist at the University of Califor- 
nia, San Francisco, invited Hatcher to a talk 
by Werb’s postdoctoral fellow. The next morn- 
ing, they discussed the prospect of working 
together after Hatcher finishes her PhD. 

Senior scientists see poster sessions as an 
opportunity for junior researchers to show 
off their science, to get fresh perspectives on 
research questions and to network. Presenters 
who follow a few basic rules in poster layout, 
and who talk viewers through their work, will 
draw a crowd. Judges say that a killer poster 
will have clean lines, white space, intriguing 
images and a clear visual flow that supports 
a well-told research story. The worst posters 
have panel after panel of tiny print, which can 
turn a poster session into a lonely four hours 
for the presenter. 

“A poster should look catchy from 10 metres 
away, says Colin Purrington, formerly an evo- 
lutionary biologist at Swarthmore College in 
Pennsylvania, and now a photographer who 
maintains a blog on poster design (see tinyurl. 
com/6wb62m9). “A clean layout speaks to an 
uncluttered mind, and that’s who you want to 
talk to at meetings,” he says. 


VISUAL AIDS 

A poster should function as a visual aid — to 
help the presenter to talk through the research 
in an informal and engaging way. It should not 
be an abridged version of the researcher's cur- 
rent manuscript, stresses Zen Faulkes, a neuro- 
ethologist at University of Texas-Pan American 
in Edinburg. “People in a poster session usu- 
ally have just come from an intense session 
and they need a mental break,” says Jamie 
Simon, senior illustrator at the Salk Institute 
for Biological Sciences in La Jolla, California. 
Simon, who helps Salk researchers to design 
and print their posters, encourages scientists 
to stick to the standards of graphic design 
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> (see ‘Creating an eye-catching poster’). The 
design should follow the photography law of 
thirds. Most posters are three columns across, 
with three sections per column. “Put the hot 
stuff in the middle of the second column,’ says 
Simon — as Hatcher did. It is more visually 
appealing to use lots of white space to sepa- 
rate sections, and avoid distracting, whole- 
background images or swirls. Although most 
academic departments do not have a graphics 
guru like Simon, researchers can learn from 
poster sites such as Purrington’s and Faulkes’ 
blogs (see tinyurl.com/7uv92fu). 

Giving a little thought to how the layout is 
organized goes a long way, says cell biologist 
Peter Lenart at the European Molecular Biology 
Laboratory in Heidelberg, Germany. Although 
most scientists use Microsoft PowerPoint soft- 
ware to design posters, Lenart prefers Adobe 
Illustrator because it offers greater flexibility 
and more graphic-design tools. He uses boxes 
to delineate each results section, each of which 
has its own headline, and places figure legends 
in boxes with arrows to direct readers to the 
appropriate image. Lenart places any addi- 
tional information for that results panel in a 
box marked with an encircled 7. Clear direction 
gives even the most casual of browsers a chance 
to understand the overall point of the research. 

Award-winning presenters weave a research 
tale that flows from the layout. Martin Bergert, 
a doctoral student at the Max Planck Insti- 
tute of Molecular Cell Biology and Genetics 
in Dresden, Germany, had two related stories 
he wanted to convey at the annual meeting of 
the European Molecular Biology Organiza- 
tion (EMBO) last September in Vienna. He 
placed the figures and text for each story in a 
box with a catchy title: “On the edge — blebs vs. 


lamellipodia” to highlight work on two types of 
cellular protrusion, and “On the move — how 
to migrate by blebbing” to describe results on 
cell migration. 

Natasha Gutierrez, a doctoral student in 
cell biology at Rutgers University in Newark, 
New Jersey, and the second-place winner in the 
graduate-student category of the ASCB’s poster 
competition, put all her potential figures onto 
a board, then removed those that didn’t fit her 
research story. Gutierrez displayed her most 
impressive experiment in a three-panelled fig- 
ure showing two microscopic views of her cells 
and a graph of quantitative results. She placed 
this figure in the middle, providing a focus for 
her oral presentation. 


CREATING AN EYE-CATCHING POSTER 


Simple guidelines for poster presentation 


@ Choose landscape (horizontal) over 
portrait (vertical) orientations. 

@ Follow the recommended dimensions and 
instructions. Make sure you allow for white 
space and large fonts and images. 

@ Use photographs, cartoons or illustrations 
to explain concepts. Limit the word count to 
1,000 words. 

@ Take great care in writing the abstract: 
conference attendees will identify posters to 
visit from the abstract book. 

@ Make the title the punchline of the 
research — and make it intriguing. Consider 
placing an engaging image close by. 

@ Titles and headings should be in a sans- 
serif font, such as Helvetica. Other text 
should be in a serif font such as Times New 
Roman, with a minimum size of 22 points. 
@ Consider short bullet points for methods 
and conclusions. 
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@ Use black text on a white background. Red 
text can be used to draw attention, but avoid 
blue and yellow, which are hard to read. 

@ Place figures in an obvious order, and 
consider using numbering. Figures should 
have a large headline with the main finding. 
@ Enlarge the best piece of data and place it 
squarely in the middle at eye level. 

@ Have someone else proofread the text. 

@ Check the poster on a large computer 
screen at 100%, then step back half a metre 
from the screen. 

@ If possible, project the poster onto a wall 
before printing it to check formatting at 
actual size. 

@ Take a fine-line marker pen and white 
tape with you to the conference to fix any 
mistakes that you might have missed. 

@ Don’t pin viewers down with an exhaustive 
tour of the poster. K.P. 
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Colin Purrington’s example of a ‘bad’ poster is crammed with text and has a distracting background. 


A well-organized poster alone is not enough 
to entice passers-by. Bergert’s poster, which 
earned him a prize at the 2011 EMBO poster 
competition, had a ‘hook’ image to reel people 
in. He repeated a simple, unobtrusive image 
ofa blebbing cell, the main focus of his poster, 
several times beneath the title. The images 
were visible from across the room and lured in 
scientists already interested in blebs and other 
people intrigued by the blobby cells. 

Hook images also provide a visual entry into 
the poster's research topic. Purrington says that 
every poster should include a hook on the left- 
hand side to attract visitors who are unfamiliar 
with the work and will view it from a fresh per- 
spective. The image could be a photograph of 
the research organism, a map ora portrait ofa 
mathematician, for example. It is worth taking 
the time to come up with a creative hook, says 
Purrington, who notes that the largest crowd 
at a Swarthmore College poster session was at a 
chemist’s poster that featured a photo of aman 
suffering from arsenic poisoning. 

Presenters should make sure their figures are 
easy to interpret from a metre or so away. Axes 
and labels that have been taken from a previ- 
ous talk or publication should be adjusted so 
that they are easily visible. Arrows and artificial 
colours can also be used to highlight a point. 
“Dont be afraid to write on top of a cell, “This is 
the typical phenotype. Make it as visually clear 
as possible,” says Lenart. 

For simplicity, only the most important data 
points should be included in a poster, says 
Renato Aguilera, a judge for the ASCB contest 
and a molecular-cell biologist at the Univer- 
sity of Texas at El Paso. “Have just two lines on 
your graph: the control and the most impor- 
tant result,’ he says, adding that posters should 
not force viewers to wade through hundreds 
of data points. 

Finally, a few props can help to engage view- 
ers. Bergert showed cell-migration movies on 


C. PURRINGTON 


C. PURRINGTON 


Poster presenters should prepare different versions of their talk for passers-by and specialists. 


an iPad at his poster session. Presenters can 
also direct viewers to large audio or video 
files, or to websites with additional data, 
using Quick Response barcodes that can be 
scanned by smartphones. 

Purrington recommends that posters 
include laminated white space where the 
presenter can use a dry-erase marker to go 
through the research model. Get creative, he 
says, and have a section called “What I need 
help with, or overlap a panel with white tape 
so that extra information, such as a control 
experiment or an equation’s derivation, can 
be revealed. Images that don’t merit inclu- 
sion in the main poster can be attached on 
aring. 

Props can also serve as ice-breakers and 
attract viewers. “No one’s ever taken me up 
on this suggestion, but why not have a pitcher 
of beer and cups at your poster?” says Simon. 


CONVERSATIONAL SCIENCE 
Poster presenters should engage in conver- 
sations to help solve conundrums in data, 
get advice on improving the work or form 
possible future collaborations. At the ASCB 
poster session, Gutierrez seemed poised and 
in control. Her adviser at Rutgers and poster 
judge Alex Rodriguez, a cell biologist, who 
sat nearby, says that adopting an appropri- 
ate outlook in a poster session can be tricky 
for junior researchers. “Presenters have to 
be confident, but not defensive, and that’s a 
difficult line to ride, especially for young sci- 
entists,” he says. When a viewer challenged 
Gutierrez on her choice of cells, she pushed 
back in a friendly manner. “I hear what you 
are saying,” she responded, “but I still think 
this is a good model of wound healing.” 
Perhaps most important, say judges and 
experienced presenters, is that presenters 
keep conversations with viewers friendly 
and two-way. It is a good idea to prepare 


different versions of an oral presentation for 
casual passers-by, interested observers and 
interested specialists, says Faulkes. Present- 
ers should practise their story, but not over- 
rehearse it. “You shouldnt’ give it the same 
way twice,” he says. 

Part of the preparation should be to antici- 
pate tough questions. As a postdoctoral fel- 
low, Lenart was caught off-guard when he 
presented research that used a proprietary 
compound provided by a pharmaceutical 
company. When people asked how the com- 
pound worked, he had to answer sheepishly 
that he could not say. Lenart advises present- 
ers to prepare answers — or at least good 
excuses — for as many questions as they can 
think of. Presenters should do practice runs 
and discuss plans with a supervisor to decide 
what material is too sensitive to be shared. 

Joseph Ramahi, the first-place winner of 
the ASCB poster competition and a doctoral 
student in cell biology at the University of 
California, Davis, thinks that his enthusi- 
asm for presenting posters probably had an 
impact on the judges. “The questions I’ve 
been asked from giving posters have helped 
my project to grow, he says. “Smile, and 
thank visitors for coming by, because they are 
helping you to get better, and that’s a really 
important part of science.” 

Purrington believes that poster sessions 
are often under-rated as a place for scientists 
to air their “half-baked ideas”. The best part, 
he says, is picking other people’s brains about 
where a line of research should go next. “If 
you can get people excited enough about your 
question to want to be your colleague, or to 
give you a completely different take — that’s 
the fun of the poster session,” he says. “It can 
change your career.” m 


Kendall Powell is a freelance science writer 
based in Lafayette, Colorado. 
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UNITED STATES 


Protect research ideas 


A proposed US bill requiring all 

funded federal-grant applications to be 
posted on a government website would 
help competitors, including non-US 
scientists and businesses, to poach 
innovative research ideas, warns a group 
of US universities and scientific and 
professional societies. A letter sent on 15 
February from the Coalition for National 
Science Funding (CNSF) in Washington 
DC to the US House of Representatives 
recommends that the bill require 

only abstracts to be posted. Samuel 
Rankin, associate executive director of 
the American Mathematical Society, 

a CNSF member, says that publicly 
open proposals would allow anyone 

to use researchers’ ideas in potential 
commercial applications, possibly even 
before the researcher can file a patent. 
“You're giving away a lifetime of work,” 
says Rankin. 


ENVIRONMENT 


New observatory sites 


The US National Ecological Observatory 
Network (NEON) will hire 15-20 
ecologists who will collect ecological and 
climatic data, including soil, plant and 
animal samples, at three new observatory 
sites. NEON — a continent-wide network 
that will gather data over 30 years on the 
ecological impacts of climate change, 
invasive species and land-use changes — 
anticipates US$60 million this year from 
the US National Science Foundation 

to build the observatories. The sites in 
Florida, Massachusetts and Colorado are 
expected to be completed by late 2013. 
NEON was established by the US National 
Science Board in 1999 to form a long-term 
network of ecological monitoring sites. 


UNIVERSITIES 
Top student city 


Paris has been named ‘Best Student City 
2012’ by QS Intelligence Unit, a company 
that compiles annual world university 
rankings. Paris earned the honour in part 
because of research institutions Ecole 
Normale Supérieure Paris and Ecole 
Polytechnique. London was second owing 
to the research institutions University 
College London and the London School 
of Hygiene and Tropical Medicine. 
Boston, Massachusetts, was third thanks 
to Harvard University and Massachusetts 
Institute of Technology, both in 
Massachusetts. 
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